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The  aeconcl  volume  of  out  work  on  Practical  1 
is  based  on  the  same  lines  aa  those  of  its  predecessor. 
We  have  adhered  to  the  plan  of  subdivision  into  a 
series  of  Lessons,  each  descriptive  of  something  to  be 
done  by  a  definite  naethod  with  definite  apparatus. 

It  has  been  thought  desirable  to  make  the  first 
three  chapters  introductory  to  the  rest  of  the  work. 
Many  teachers  will,  we  doubt  not,  agree  with  ua  that 
the  advantages  resulting  from  such  a  prchniinary 
course  axe  very  considerable,  for  not  only  does  the 
student  become  practically  acquainted  with  some  of 
the  leading  principles  of  the  science,  but  he  has  also 
his  inventive  and  constructive  faculties  developed. 
These  three  first  chapters,  taken  in  connection  with 
some  elementary  text-book  on  Electricity  and  Magnet- 
ism, and  combined  with  attendance  at  a  course  of 
elementary  lectures,  will  enable  the  student  to  grasp 
without  difficulty  the  less  elementary  chapters  that 
follow. 

Chapter  IV.  deals  with  the  methods  of  Measjire- 
Tfteiit  of  Resistance..  The  importance  of  this  subject 
justifies  the  extended  treatment  it  has  received. 

Chapter  V.  treats  of  the  Tange^U  Galvatio-meter,  its 


practical  applications,  and  the  methods  of  determining 
its  constants. 

The  general  use  of  the  magnetometer  and  dip  circle 
of  the  Kew  pattern  at  British  Observatories  has  induced 
T13  to  describe  fully  in  Chapter  VI.  the  manipulation 
of  these  particular  inatrumenta,  and  the  corrections 
necessary  for  the  accurate  determination  of  the  Mag- 
netic Elements. 

We  would  especially  direct  attention  to  Chapter 
TII„  on  ElectrO'Magnetum  and  Mectro-Ma^ndic  In- 
duction. In  this  chapter  the  plan  of  giving  c[ualitative 
experimental  worii  has  been  extensively  introduced, 
for  we  find  that  only  by  such  experiments  can  students 
really  grasp  the  meaning  of  such  things  as  lines  of  force 
and  their  application. 

Chapters  "VTII.  and  IX,  deal  respectively  with  the 
GondcTiser  and  the  Electrometer. 

We  have  supplemented  the  work  with  several 
Appendices.  The  more  important  of  these  contain 
the  application  of  Kirchhoffs  laws  and  an  elementary 
account  of  Potential  and  Lines  of  Force. 

An  examination  of  this  volume  will  show  (1.)  That 
much  of  the  apparatus  described  is  of  a  simple 
character,  such  as  can  be  readily  made  in  the  work- 
shop of  a  physical  laboratory  without  special  appli- 
ances. (2.)  That  we  have  restricted  ourselves,  as  a  rule, 
to  a  few  typical  methods  and  typical  instnimenta.  (3.) 
That  copious  references  to  fuller  sources  of  informa- 
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tion  have  been  given.  This  laat  point  we  esteem 
be  one  of  considerable  impoitauce  in  a  science  which 
is  rapidly  changing,  being  especially  valuable  to  the 
English  reader,  who  has  not  the  advantage  of  reference 
to  a  general  treatise  such  as  Wiedemann's  Elektrieiiat. 
(4.)  That  additional  eserciiaes  are  given,  calculated  to 
lead  the  student  on  to  some  branch  of  original  work. 
(5.)  That  theoretical  explanations  have  been  entered 
into,  more  especially  where  it  was  necessary  that  th( 
ordinary  work  should  be  supplemented. 
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CHAPTER   I. 

ELECTROSTATICS— ELEMENTARY  PHENOMENA  AND 

LAWS. 

Lesson  I. — Electrification  by  Friction  and 

Conduction. 

1.  Apparatus, — (1.)  Two  pieces  of  glass  tubing  about  350 
mm.  long  by  15  mm.  in  diameter.  Each  must  be  closed  at 
one  end  by  the  blowpipe.  The  tubes  must  be  thoroughly 
clean  and  dry.  The  open  end  should  be  closed  by  a  cork  to 
keep  out  dust  (2.)  Several  ebonite  penholders.  (3.)  A 
stirrup  of  copper  wire  covered  with  gutta-percha,  suspended 
by  two  narrow  silk  ribbons. 
Fig.  1  shows  the  method  of 
making  the  stirrup.  (4.)  A 
pad  of  good  silk  about  150 
mm.    square.      (5.)    Electrical 

amalgam  (see  Appendix)  mixed  \\  ^^ 

with  a  little   tallow.     (6.)  A  ^^  ■ 

piece  of  catskin  or  other  fur.  ^^^'  ^' 

(7.)  Two  small  gold-leaf  electroscopes.  Fig.  2  shows  a 
convenient  form  of  these.  Here  A  is  a  Florence  flask  of 
four-ounce  capacity,  provided  with  an  india-rubber  cork, 
through  which  passes  a  short  ebonite  rod,  e.  The  ebonite 
rod  is  perforated  so  as  to  admit  the  passage  through  it  of 
s.  &  G.  ii.  (K  B 
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a  brass  rod  having  a  brass  disc  soldered  at  one  end,  wbile 
the  otlier  end  la  filed  so  as  to  make  a  Itnife-edge.  Two 
gold  leaves  are  attached  to  this  end  of  the  brass  rod. 
{The  method  of  manipulating  gold-leaf  is  described  in 
the  Appendix.)  A  hole  should  be  drilled  through  the 
brass  disc  at  b,  to  serve  for  the  attachment  of  wires.  The 
itask  must  be  thoroughly  clean  and  dry.  It  should  be 
well  washed,  the  final  washing  being  with  distilled  water, 
and  then  dried  before  the  fire. 
The  cork,  with  its  fittings,  should 
be  inserted  when  the  instrument  is 
stiU  warm.  (8.)  A  tin  can  about 
10  cm.  long  by  7  cm.  wide.  (9.) 
A  block  of  paraffin  wax.  (10.) 
Several  metres  of  Na  32  B.  W.  G. 
copper  wire.  (11-)  Several  metres 
of  silk  thread. 

Experiment  I. — Electiijkaiioii  by 
Fiiction. — Warm  both  of  the  glass 
tubes,  and  rub  one  with  dry  warm 
silk  on  which  amalgam  has  been 
spread.  In  absence  of  amalgam. 
,  dry  warm  silk  alone  will  answer. 
The  tube  so  rubbed  must  be  placed 
BO  that  it  is  supported  at  the 
ft.«Oou^J*^'EL.KTBoacor..  "''l**'^  ^y  *''«  siXrta^.  Nest,  take 
the  other  glass  tube  and  rub  it  in 
the  same  way.  On  approaching  the  rubbed  portion  of  the 
second  tube  to  the  rubbed  portion  of  the  first  the  latter 
will  be  repelled.  All  this  must  be  done  quickly,  otherwise 
the  cliarge  may  be  lost.  Next,  rub  or  excite  an  ebonite 
penholder  by  means  of  warm  dry  fur  or  warm  dry  flannel, 
and  replace  the  glass  tube  on  the  stirrup  by  this  penholder. 
Excite  another  penholder  in  the  same  way.  On  approach- 
ing the  excited  jiortion  of  the  second  penholder  to  the 
excited  portion  of  the  first  the  latter  will  be  repelled. 
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It  thus  appears  that  excited  glass  repels  excited  glass, 
while  excited  ebonite  repels  excited  ebonite.  In  a  pre- 
cisely similar  manner  it  may  be  shown  that  excited  glaea 
attracts  excited  ebonite,  and  excited  ebonite  excited  glass. 
We  thus  see  that  the  state  produced  in  the  ebonite  by  ex- 
citation is  different  from  that  produced  in  the  glass.  Ex- 
cited glass  is  said  to  be  posUimh/  and  excited  ebonite 
negatkdy  electrified.  Hera  the  words  positive  and  negative 
are  merely  convenient  expressions,  and  do  not  imply  that 
there  is  anything  essentially  positive  in  the  physical  state 
of  excited  glass,  or  essentially  negative  in  that  of  excited 
ebonite. 


Experiment  II. — EieHriJiailioii  bij  Conduction, — Place  the 
tin  can  on  the  block  of  paraffin,  then  connect  the  tin  can 
with  the  plate  of  the  electroscope  by  means  of  a  copper 
wire  about  two  mttres  in  length  (see  Fig.  3,  where  the 
electroscope  is  shown  supported  on  a  wooden  stand).  The 
wire  must  not  touch  anything  as  it  passes  from  the  one 
vessel  to  the  other.  Excite  an  ebonite  penholder  and  rub 
it  upon  the  tin  can.  The  two  gold  leaves  of  the  distant 
electroscope  will  immediately  repel  each  other  and  fly  apart. 
Here  the  electroscope  becomes  electrified  by  conduction,  the 
copper  wire  being  a  conductor  of  electricity.  Next,  sub- 
stitute a  silk  thread  for  the  copper  wire,  and  it  will  be 
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found  that  the  electroscope  will  now  remain  unaffected,  the 
silk  Ijeing  an  in^dator  or  Tumrccmdudor.     Wet  the  Bilk  with 
water  and  repeat  the  experiment.     The  wetted  silk  will  j 
now  be  found  to  be  a  conductor.     In  using  the  electroscope    ' 
care  must  be  taken  that  it  does  not  receive  too  great  a    , 
charge,  for  in  this  case  the  leaves  might  be  torn. 

If  we  examine  a  sufficiently  large  number  of  bodies  t 
shall  find  that  there  is  no  essential  difference  between  con- 
ductors and  insulators,  thedifference  being  rather  in  therfejree 
of  conducting  power  which  the  variouB  substances  possess. 

The  following  table  gives  a  list  of  substances  in  their  ] 
approximate  order  of  conductivity : — 

Table  A. 

Ordbb  or  CoNimoTOBS. 

Good  CondnctorB   .     .     Metals,  larbon,  acids,  Ealine  solutions,  water. 

Semi-CoDdactora    .     .     The  body,  cotton,  dry  wood,  paper. 

TJnn  r-^jn  t  .,  foils,  iiorcelain,  wool,  silk,  fleaBne-wai,  snl- 

(or  lusulatots)    .     .^     ii^^li;,^  pamffi^,  eboiite,  glass,  gas.s.' 

Experiment  III. — All  SuhlaMes  of  a  Diffhml  NiiUire    I 
may  he  Elednjied  by   being  nibbed  togelhtr. — In  order  to 
electrify  a  metallic  substance  or  other  conductor  it  must 
be  furnished  with  an  insulating  support.      Place,  for 
stance,  the  tin  can  on  the  block  of  paraffin,  and  connect    | 
the  former  with  the  electroscope  by  means  of  a  copper    | 
wire.     Beat  the  tin  can  with  wann  dry  fur.     The  leavoB 
of  the  electroscope  will  diverge,  showing  that  the  tin  can    ' 
has  been  excited. 


Lesson  II. — Electrification  by  Induction. 

2.  Apparaiiis.- — That  of  the  previous  lesson  with  the    I 

addition  of  the  following: — Two  brass  knobs  (ordinary  j 

'  Air  charged  with  ac|Ueaus  rapour  is  also  a  con -conductor,  hut  of  I 
coursfi,  when  iha  vapour  is  permitted  to  deposit  itaall'  as  moisture  upon  | 
the  supports,  it  destroys  their  insulation. 


r 

■      hoi 


ELECTROSTATICS. 


door  handles  will  do  very  well)  mounted  on  ebonite  pen- 
holders, supported  by  wooden  stands  {see  Fig.  4). 

ExptrimejU  I. —  Use  of  Electroscope. — When  an  electrified 
body  is  brought  near  the  gold-leal  electroscope  the  leaves 
separate.  This  shows  that  electrification  may  be  produced 
by  the  influence  of  an  electrified  body  acting  through  the 
air.  This  is  called  eledrijicaiimi  hy  induction.  Let  us  pro- 
ceed to  study  this  phenomenon  as  it  appears  in  the  electro- 
scope, learning  at  the  same  time  the  coiTect  mode  of  using 
that  instrument  for  tPRttng  tb  ?  nature  of  an  electric  charge. 


(1.)  Let  ua  first  of  all  give  the  electroscope  a  positive 
charge  by  touching  tbe  brass  plate  with  a  stick 
of  excited  glass,  which  we  then  withdraw.  A  cer- 
tain divergence  of  the  gold  leaves  will  he  caused 
by  this  charge.  Now,  if  we  bring  from  above 
towards  the  plate  of  the  electroscope  either  this 
charged  stick  of  glass  or  another  similarly  excited, 
it  will  be  noticed  that  the  leaves  diverge  more 
and  more  widely  as  the  positively  charged  glass 
continues  to  approach  the  plate. 

(2.)  If  we  next  cause  a  stick  of  excited  ebonite  to 
approach  the  plate  of  the  positively  charged 
electroscope,  we  shall  find  that  the  negative 
charge  which  the  former  has  will  cause  the  leaves 
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to  collapse.     If,  however,  this  negative  chaTgo  be 
very  strong,  on  bringing  it  still  nearer,  the  ieavea 
will  again  open  out.     When  such  a  charge  i 
quickly  brought  near  the  electroscope  it  is  pos- 
sible that    the  first  collapse   of  the  leaves  may 
escape  the  notice  of  the  observer. 
(3.)  If  a  conducting  body,  such  as  the  hand,  be  ap- 
proached towards  the  plate  of  the  charged  electro- 
scope, the  gold  leaves  wiU  tend  to  collapse. 
We  see  from  this  experiment  that  the  slow  approach 
to   the  plate  of  the  charged  electroscope  of   a  similarly 
charged  body  will  cause  the  leaves  to  open  out,  while  the 
slow   approach    of    a    body   charged   with    the    opposite 
electricity  will    cause    the    leaves   to    fall    together,    and, 
if  it  be  strong    enough,  as  the  approach   is  continued, 
afterwards  to  open  out, 

We  see  also  that  the  approach  of  a  neutral  conductor 
whose  parts  are  at  varying  distances  frofn  the  plate  will 
tend  to  make  the  gold  leaves  collapse. 
Experiment  II. — Charging  hy  Indwlvm. 
(1.)  Having  disciiarged  the  electroscope,  excite  a  stick 
of  ebonite  and  bring  it  near  to  the  plate ;    the 
leaves  will  separate.     Whilst  the  ebonite  is  kept 
in  this  position  (near  tbe  plate)  touch  the  plate 
for   a  moment,  and  then   withdraw  the  finger  j 
the  loaves  will  now  fall  together.     Remove  the 
ebonite,  and  the  leaves  will  again  open.     If  we 
test  the  chai'acter  of  the  charge  it  will  he  found 
tfl  be  positive,  or  opposite  to  that  of  the  ebonite. 
(2.)  Had  we  employed  a  stick  of  glass  instead  of  one  of 
ebonite,  the  charge  would    have  been  negative. 
This  method  of  charging  an  electroscope  is  called 
dutryiwj  ly  induditm,  and  is  usually  better  than 
the  other  method,  or  that  by  conduction. 
Experiment  III. — Slitd;/  oj  Indneliiyit. — Let  us  now  pro- 
ceed to  inquire  farther  into  the  nature  of  induction. 
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(I.)  Let  us    take   the   two  brass    knobe  mounted 

ebonite  penholders,  and  place  tlie  edges  of  the 
knobs  in  contact  with  each  other.  Then  let  us 
bring  an  electrified  rod,  for  instance,  an  ebonite 
rod  charged  with  negative  electriuity,  near  one  of 
the  knobs,  but  not  touching  it.  Whilst  the 
ebonite  rod  is  in  this  position,  separate  the  knobs 
from  one  another  and  test  their  charges.  They 
will  be  found  to  be  charged  with  opposite  kinds  of 
electricity,  the  one  nearest  the  electrified  ebonite 
rod  being  positively  charged. 

(2.)  liepeat  the  experiment,  but,  when  the  electrified 
ebonite  rod  is  near,  instead  of  separating  the  knobs, 
touch  either  of  them  momentarily  with  the  finger  ; 
both  knobs  will  uow  be  found  to  have  a  positive 

(3.)  Make  the  experiment  as  in  (2),  but  instead  of 
touching  the  knobs  with  the  finger  touch  them 
with  the  plate  of  the  electroscope ;  the  electro- 
scope will  be  found  to  have  received  a  negative 


We  learn  from  these  various  experiments  that  when 
electrification  by  induction  takes  place,  both  kinds  of 
electricity  are  produced,  or  rather  separated  from  each 
other,  in  the  neutral  conductor,  that  of  the  same  name 
as  the  charge  of  tlie  inducing  body  having  a  tendency 
to  escape.  It  is  therefore  saitl  to  be  tinioutid  or  free,  whilst 
that  of  the  opposite  name  is  said  to  be  boutui  as  long  as  the 
inducing  change  is  present. 

The  student  should  now  be  able  to  understand  the 
preceding  exjwriments.  For  instance,  in  Experiment  I,, 
we  see  why  the  slow  approach  to  the  plate  of  a  charged 
electroscope  of  a  similarly  charged  body  should  cause  the 
leaves  to  oi>en  out,  inasmuch  as  the  approaching  body  may 
be  imagined  to  decompose  the  neutral  electricity  of  the 
attracting  or  binding  that  of  an  opposite  name 
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to  itself,  and  thruBtiug  that  of  the  same  name  as  far  away  I 
as  possible— that  is  to  say,  to  the  leaves  which  consequently  ' 
divei^e. 

In  like  manner  it  might  be  shown  that  the  slow 
approach  of  a  body  charged  with  the  oppoaitfl  electricity 
will  cause  the  leaves  to  fall  together,  and  to  open  out  after- 
wards with  an  opposite  charge  as  the  approach  is  continued. 

When  a  neutral  body,  such  as  the  hand,  is  placed  near 
the  plate  of  a  charged  electroscope,  the  leaves  will  tend 
collapse,  because  the  electricity  of  the  instrument  will  act  | 
upon  the  hand,  decomposing  (as  it  were)  its  neutral 
electricity,  pulling  that  of  the  opposite  name  as  near  to  It 
as  possible,  and  thrusting  that  of  the  same  name  through 
the  body  to  the  earth.  In  this  manner  part  of  the  charge 
will  become  bmivd,  and,  being  withdrawn  from  the  gold 
leaves,  these  will  tend  to  collapse. 

Again,  it  is  manifest  that  when  the  electroscope  is 
charged  by  induction,  the  office  of  the  finger  when  it 
touches  the  plate  is  to  take  away  the  free  electricity,  or 
that  of  the  same  name  aa  tlie  charge  of  the  inducing  body. 
What  is  then  left  ia  the  charge  of  this  body,  and  a  nearly 
equal  amount  of  electricity  of  the  opposite  name  in  the  plate 
of  the  electroscope.  Both  these  are  practically  bound,  and 
therefore  do  not  influence  the  gold  leaves ;  withdraw,  how- 
ever, the  inducing  body,  and  the  electricity  of  the  electro-  , 
scope  is  now  free,  and  acts  therefore  upon  the  leaves. 

It  is  unnecessary  to  discuss  the  other  esperimeitts.  j 


Lesson  ni.^The  Electrophonis  of  Volta. 

3.  Apparahis. — (I.)  A  simple  electropborus  (Fig.  5).      ? 
convenient  form  consists  of   an  ebonite  disc — the  plate — 
about  GO  mm.  in  diameter,  having  a  metal  disc,  termed  tlte 
sole,  of  the  same  size  screwed  to  its  under  surface.     The    | 
upper  surface  of  the  ebonite  is  well  polished.     A  Geparat«    . 
brass  disc  with  smooth  edges,  somewhat  smaller  than  the  I 
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plate,  ia  provided  with  a  rod  of  ebonite  as  a  handle,  and 
forme  the  lid  of  the  instrument.  An  electrophoras  con- 
structed in  this  manner  is  a  very  satiafactoiy  instrument. 
A  simpler  variety  may  be  made 
by  melting  ordinary  sealing-wax 
in  the  lid  of  a  round  tin  canister, 
ao  as  to  form  a  smooth  plate.  A 
disc  of  tin,  with  a  handle  of  seal- 
ing-wax, will  serve  as  a  lid.  (2.) 
An  electroscope.  (3.)  Pur  or 
flannel. 

Use  of  fke  Imtrumeiii. — The 
plate  roust  first  be  esisited.  A 
few  whisks  with  the  fur  of  a  cat 
will  serve  to  electrify  the  polished 
ebonite  or  sealing-wax  strongly. 
If  this  cannot  1)6  procured,  a  piece 
of  hot  flannel  will  do  instead.  Ntxt  place  the  lid  upon 
the  plate,  and  touch  the  metal  of  the  lid  momentarily  with 
the  finger.  On  raising  the  lid  it  will  be  found  to  he 
charged  and  capable  of  giving  a  spark.  As  often  as  this 
process  is  repeated  the  Jid  becomes  charged,  provided  that 
the  plate  is  freshly  excited  occasionally.  The  electrophonis 
thus  forms  a  simple  electrical  machine.  The  labour  of 
touching  the  disc  may  be  avoided  if  a  metal  pin  he  passed 
through  a  hole  iu  the  jjlate,  eo  that  wlien  the  lid  le  in 
position  the  sole  may  be  in  connection  with  the  lid. 

Theory  of  tlie  Inslrwment, — This  may  be  studied  by  per- 
forming the  following  experiments  : — (1.)  Find  the  nature 
of  the  charge  of  the  ebonite ;  this  will  he  found  to  consist 
of  negative  electricity.  (2.)  Find  the  nature  of  the  charge 
of  the  lid  after  it  has  first  been  touched  and  then  removed 
from  the  electrophoma ;  this  will  be  found  to  consist  of 
positive  electricity.  (3.)  Place  a  charged  electrophorus, 
with  its  lid  (untouched),  npon  the  plate  of  the  electroscope  ; 
on  touching  the  lid  the  gold  leaves  will  fly  apart,  and  will 
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be  found  to  be  charged  with  positive  electricity,     (i.)  Now, 
retoiruBg  the  arrangement  of  (3),  withdraw  the  lid  from    ' 
the  electrophorus,  when   the  gold  leaves   of  the  electro- 
acope  will  immediately  collapse. 

The  electrophorus  thus  acts  by  means  of  induction.    The 
ebonite,  when  struck  with  the  fur  or  flannel,  ia  negatively 
electrified,   and  this  negative  electricity  decomposes   the 
neutral  electricity  of  the  sole,  pulling  the  positive  to  itself 
and  thrusting  the  negative  into  the  earth.     The  action  of 
the  positive  of  the  sole  upon  the  negative  of  the  ebonito   i 
serves  to  bind  tlie  latter  into  the  substance  of  the  ebonite. 
When  the  lid  is  put  on,  the  electricity  of  tlio  ebonite  i: 
communicated  by  contact  to  the  lid,  the  ebonite  being  n  • 
non-conductor,  and  only  touching  the  lid  in  a  few  points. 
But,  tJie  lid  being  acted  on  inductively,  when  it  is  touched 
with  the   finger  the  free    negative  of  the  lid  is  thrust 
through  the  body  of  the  operator  into  the  earth,  at  the 
same  time  releasing  the  bound  positive  electricity  of  the   I 
sole.     The  lid,  if  carried  away,  will  thus  be  found  to  be 
positively  elect rilied. 

When  the  electrophorus  is  placed  upon  an  electroscope, 
and  in  that  position  the  lid  is  touched,  the  positive  electri- 
city of  the  sole,  being  released,  is  permitted  to  go  to  the 
gold  leaves,  which,  in  consequence,  diverge.  When,  how- 
ever, the  lid  is  carried  away,  this  positii'e  is  recalled  i 
the  sole,  and  the  gold  leaves  collapse. 


Lessox  IV. — Faraday's  loe  Pail  Experimenta 

4  Apparatus. — (1.)  Two  tin  cans,  one  TO  cm.  deep  by  7  ' 
cm.  wide,  the  other  7  cm.  deep  by  5  cm.  wide.  Tlie  larger 
can  baa  a  layer  of  paraffin  wax  covering  the  bottom  ;  the 
smaller  is  furnished  with  an  ebomte  penholder  as  a  handle 
(Fig.  6).  (2.)  A  block  of  paraffin  to  serve  as  an  insulating 
supports  (3.)  A  smait  electropbonia.  (4.)  Two  electro-  . 
scopes.     (5.)  Connecting  wires,     (fi.)  It  may  be  convenient 
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to  USB  an  electrophoriis  lid  smaller  than  that  mentioned 
in  the  previous  lesson,  such,  for  instance,  as  a  halfpenny 
attached  to  an  ebonite  penholder  (Pig.  7). 

Expemneat  /.—Place  the  larger 
tin  can  on  the  block  of  pBraffii), 
and  connect  the  tin  with  an 
electroscope.  Charge  the  lid  of 
the  electrophorus,  and  lower  it 
into  the  tin  can,  without  allow- 
ing it  to  touch  the  latter.  The 
electroscope  leaves  will  diverge 
ax  the  lid  is  lowered,  but  when 
it  is  a.  little  way  inside  the  can 
this  divergence  will  reach  a 
maximuni,  and  then  remain  un- 
altered. Now  make  the  lid  to  , 
touch  the  metal  near  the  bottom 
of  the  can ;  no  alteration  will  be 
produced  by  this  in  the  amount  of  divergence  of  the 
electroscope  leaves.  The  charge  of  the  electroscope  will 
be  found  to  be  of  the  same  kind  as  was  that  of  the 
eleotrophoruB  lid.  Remove  the  lid,  and  test  it  by  a  second 
electroscope ;  it  will  be  found  to  be  perfectly  discharged. 

Expmiment  II. — Repeat  the  previous  experiment,  but 
when  the  lid  ia  near  the  bottom  of  the  can  (not  having 
been  in  contact  with  the  metal),  touch  the  outside  of  the 
can  with  the  finger,  so  as  to  withdraw  the  external  charge. 
The  leaves  of  the  electroscope  will  now  collapse,  but  if  the 
electrophorus  lid  be  removed  without  allowing  it  to  touch 
the  can,  the  leaves  will  again  separate  to  as  great  an  extent 
aa  before.  Test  the  charge  of  the  electroscope,  and  it  will 
be  found  to  be  of  the  kind  opposite  to  that  of  the  electro- 
phorus lid. 

E^erimenl  III. — Place  tiie  smaller  tin  within  the  larger, 
BO  as  to  make  it  rest  upon  the  layer  of  paraffin  at  tlie 
bottom  of  the  latter.      Introduce  within  the  smaller  tin 
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the  electrified  electroplioma  lid.  This  will  give  rise  to  a 
condition  of  electriiication  m  which  the  inner  sides  of  the 
two  tins  will  be  negatively  and  the  outer  sides  positively 
charged. 

Now  make  contact  between  the  two  cans.  The  inner 
surface  of  the  inner  can  will  now  be  negatively  and  the 
outer  surface  of  the  outer  can  positively  electrified.  Next 
let  the  lid  be  removed,  but  not  discharged,  the  inner  vessel 
removed  and  discharged,  and  then  both  replaced-  The 
outer  vessel  may  now  be  made  to  have  a  double  charge 
by  repeating  the  above  process,  and  a  small  initial  electrifi- 
cation may  thus  be  multiplied  as  many  times  aa  we  please. 

Explanaliim  of  these  Erperiiiienls. — When  the  charged 
electropLorus  lid  has  been  lowered  sufficiently  far  into  the 
can  (as  in  Experiment  I.),  it  acts  inductively  upon  the  can, 
attracting  to  the  inside  a  quantity  of  electricity  equal  in 
amount  but  opposite  in  character  to  that  of  the  lid,  and 
repelling  to  the  outside  a  quantity  equal  in  amount  but 
similar  in  character  to  that  of  the  lid.  When  the  lid 
touches  the  inside  of  the  can  its  electricity  combines  with 
that  equal  and  opposite  charge  which  has  been  induced  on 
the  inside,  leaving  the  outside  electrification  altogether 
unafi'ected.  The  lid  will  now  be  found  to  have  no  charge, 
because  (see  Lesson  VI)  it  has  come  from  being  in  contact 
with  the  interior  of  a  conductor,  the  charge  of  which  clin^ 
to  the  outside, 

In  Experiment  II.  the  touching  of  the  outside  of  the  can 
carries  off  to  the  earth  electricity  equal  in  amount  and 
similar  in  character  to  that  of  the  lid,  thus  causing  the 
leaves  of  the  electroscope  to  collapse.  When,  however, 
the  charged  lid  is  removed  from  the  inside,  the  electricity 
of  the  inside  of  an  opposite  character  to  that  of  the  lid 
which  was  formerly  bound  by  the  lid,  is  now  free  to  influ- 
ence tjie  gold  leaves. 

In  Experiment  in.,  after  contact  has  been  made  be- 
tween the  two  cans,  tlie  outer  one  is  positively  and  the 
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inner  one  negatively  charged.  If  the  inner  one  be  now 
removed,  discharged,  and  then  replaced,  we  shall  of  eourae 
have  positive  in  the  outer  and  nothing  in  the  inner.  But 
if  now  the  charged  lid  be  reintroduced  into  the  inner 
can,  and  contact  made  as  before  between  the  two  cans, 
there  is  no  reason  why  a  second  positive  charge  should 
not  be  given  to  the  outer  can. 

Indeed  (or  this  purpose  there  is  no  necessity  for  the 
two  cans,  for  if  the  lid,  after  being  discharged,  as  in  Experi- 
ment I.,  be  recharged  and  introduced  into  the  can  after 
contact  with  the  inside,  ii  double  charge  will  be  given  to 
the  outside. 

Lesson  V. — Blectriflcation  by  Friction — 
{ConiiniKd /will  Lesson  I.) 

5.  Apparatus. — (1.)  Glass  rod,  ebonite,  electroscope,  etc. 
(2.)  A  number  of  different  insulators,  such  as  flannel,  seal- 
ing-wax, paraffin,  guttarpercha,  etc.  (3.)  The  small  electri- 
cal machine  described  below. 

Hxp^metU  I. — Both  kinds  of  Electricity  are  produced  by 
Friction. — The  rubber  of  amalgamed  silk  or  fur  is  usu- 
ally not  a  good  insulator,  so  that  its  charge  is  generally 
lost  when  held  in  the  hand  before  its  electrification  can 
be  tested.      To  exhibit  the  electrification  of  the  rubber, 
place  the  pad  of  silk  or  fur  on  the  cap  of  the  electro- 
scope, and  rub  the  silk  or  fur  by  means  of  the  glass  rod 
I    or  rod  of  ebonite.     Examine  the  nature  of  the  electricity 
with  which  the  electroscope  becomes  charged.     It  will  he 
found  to  be  of  the  opposite  kind  to  that  of  the  glass  or 
I   ebonite.     Test  in  this  manner  the  quality  of  the  electrifi- 
I   cation  produced  with  different  materials,  and  verify  the 
I   following  table,  in  which  the  substances  are  arranged  in 
such    an  order    that  any  substance  in  the  list    becomes 
negative   if   rubbed   with  a  body  that  precedes   it,  but 
positive  if  rubbed  with  a  body  that  follows  it  in  the  list 
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SiiowtsQ  Orbek  of  Elbctrifi cation. 
Catskin.  Sulpliur.  Reaiu. 


The  hand. 


Gutta-percha. 

Metals. 

Gun-cotton. 


Experim&ii  II. — Both  kinds  of  EledricUy  tare  pivduced  by  1 
Friction  in  Equal  Amouvia, — This  may  be  sliown  by  rubbing  ' 
two  bodies  together  within  an  insulated  chamber  conneotad 
with  an  electroscope.     There  should  then  be  no  external 
sign  of  electrification.      A   simple  apparatus,  such   as  is 
shown  in  Fig.  8,  may  lie  used  for  this  purpo.se.     A  is  a 


can  embedded  in  a  block  of  paraffin  (B)  th.it  is  protected 
by  the  wooden  base.  Within  A  is  a  smaller  can  (C),  not 
necessarily  metallic,  but  for  purposes  of  convenience  made 
of  tin,  cemented  to  the  bottom  of  A  by  means  of  paraffin. 


ELECTROSTATICS. 


16 


[  The  inside  of  C  ia  lined  with  fur,  A  metal  rod  ia  soldered 
L  to  the  bottom  of  C.  An  ebonite  cylinder  (E)  ia  sup- 
l  ported  by  the  metal  rod  bo  that  the  ebonite  may  easily 
I  be  rotated,  rubbing  against  the  fiir  aa  it  does  so.  Tbe 
I  outer  tin  can  is  connected  with  an  electroacope  by  means 
I  of  the  hook  S.  On  rotating  E  nu  effect  is  observed  until  it 
Bis  withdrawn  to  the  outside  of  the  outer  vessel,  when  the 
Ifllectroacope  will  indicate  positive  electricity. 

^ere  the  positive  electricity  developed  on  the  fur  de- 
Bcomposes  the  neatral  electricity  of  the  outer  can,  pulling 
I  the  negative  to  itself  and  sending  the  positive  away  to  the 
B  electroscope. 

Lesson  VI. — Effect  of  a  Conducting  Enclosure. 

6.  Apjiaraius. — (I.)  A  tin  can  sufBcioiitly  lai'ge  to  cou- 
I  tain  an  electroscope.  It  should  be  provided  with  slits, 
I  opposite  to  each  other,  to  enable  an  electroscope  to  be 
J  observed  when  placed  within.  (3.)  Two  electroscope.". 
L>  {3.)  Block  of  paraffin,  conducting  wire,  etc. 


'■"™WWAA/«, 


Experimeni  I.— There  is  no  Elcclrijicuiioii  wUIuh  a  t'on- 
Idudor. — Place  the  smalt  gold-leaf  electroscope  within  the 
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tin  can.  Carry  a  wire  from  the  electroscope  to  the  inner  sur- 
face of  the  can.  The  tin  must  be  placed  on  a  block  of  parafl&n 
and  have  its  outer  surface  connected  with  a  second  electro- 
scope (Fig.  9).  Now  electrify  the  tin  can,  when  the  electro- 
scope A  will  immediately  show  the  presence  of  electricity, 
while  the  electroscope  B  will  not  be  affected.  It  will  be 
found  that  however  intense  the  electrification  of  the  outer 
vessel  may  be,  the  electroscope  B  will  show  no  signs  of 
electrification. 

Experiment  IL — Protection  from  External  Influence. — Dis- 
connect the  wire  from  the  inner  surface  of  the  tin  can. 
Give  the  electroscope  B  a  charge  by  means  of  an  electro- 
phorus.  Now  electrify  the  tin.  No  further  effect  will 
be  perceived  on  the  electroscope  within  the  can.  In  this 
way  it  is  shown  that  a  body  within  a  metallic  enclosure 
has  its  electric  state  uninfluenced  by  electrifying  the  en- 
closure from  without.  And  further,  if  you  bring  an 
electrified  body  near  the  outside  of  the  can  it  can  likewise 
be  shown  that  the  electroscope  in  the  interior  will  be  quite 
uninfluenced  by  its  inductive  action.  This  has  important 
practical  applications,  as  we  shall  afterwards  see. 

7.  Summary  of  Laws. — By  aid  of  the  preceding  experi- 
ments the  student  will  be  enabled  to  illustrate  the  following 
laws.^ 

I.  "  The  total  electrification  of  a  body  or  system  of  bodies 
remains  always  the  same,  except  in  so  far  as  it  receives 
electrification  from  or  gives  electrification  to  other  bodies.^* 

The  more  we  improve  the  insulation  of  a  charged  body 
the  longer  does  the  charge  remain,  and  it  is  therefore 
assumed  that  an  absolutely  isolated  charge  remains  con- 
stant. A  charge  may  be  retained  for  years  in  a  chemically 
dried,  hermetically  sealed  glass  vessel. 

n.  "  WTien  one  body  electrifies  another  by  conduction  the 

^  EUmerUary  TrecUise  on  Electricity ^  by  J.  Clerk  Maxwell. — 
Clarendon  Press. 
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total  electrification  of  tlie  two  bodies  rertuiins  tJie  saim^  that  is, 
the  one  loses  as  much  positive  or  gains  as  much  negative  electri- 
ficcUion  as  the  other  gains  positive  or  loses  negative  elecirificationr 

This  may  be  proved  by  bringing  two  unequally  and 
differently  charged  bodies  into  contact  within  an  insulated 
enclosure  connected  with  an  electroscope,  when  it  will  be 
found  that  the  divergence  of  the  leaves  of  the  electroscope 
will  be  the  same  after  contact  as  before  it. 

IIL  "  When  electrification  is  produced  by  friction  or  by  any 
other  kn&Um,  method,  equal  quantities  of  positive  and  negative 
electricity  are  produced,^* 

This  is  illustrated  by  Experiment  IL,  Lesson  V. 

IV.  ^  If  an  electrified  body  or  system  of  bodies  be  placed 
within  a  closed  conducing  surface,  the  interior  electrification  of 
this  surface  is  equal  and  opposite  to  the  electrification  of  the 
body  or  system  of  bodies" 

In  the  case  of  an  electrified  body  placed  in  the 
laboratory  or  other  room  where  the  experiment  is  per- 
formed, the  floor,  walls,  ceiling,  etc.,  take  a  charge  equal 
and  opposite  to  that  of  the  body. 

We  see  this  from  the  analogy  of  Experiments  I.  and  IL, 
Lesson  IV.,  in  which  the  inside  of  the  tin  can  was  found 
to  contain  electricity  opposite  in  character  but  equal  in 
amount  to  that  of  the  electrophorus  lid. 

V.  "  Tjf  7M?  electrified  body  is  placed  within  the  hollow  con- 
ducting surface,  the  electrification  of  this  surface  is  zero.  This 
is  true. not  only  of  the  electrification  of  the  surface  as  a  whole, 
hU  of  every  part  of  the  surface" 

This  is  seen  from  Experiment  I.,  Lesson  VI.,  in  which  no 
effect  is  produced  upon  the  electroscope  within  a  tin  can 
by  electrifying  the  outside  of  the  can. 

8,  Fundamental  Quantitative  Law, — If  we  add  to  the 
above  five  fundamental  laws  of  electric  phenomena  a  sixth 
quantitative  law,  the  student  will  be  placed  in  possession 
of  all  that   is   necessary  to   explain  elementary   electro- 

VOL.  II.  0 
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statics.  Suppose  that  at  a  point  A  there  are  m  units  of 
positive  electricity,  and  at  B  m'  units  of  the  same  kind  of 
electricity,  and  let  the  distance  between  A  and  B  he  d 
centimetres,  then  it  is  found  that  the  force  /  of  repulsion 
may  be  represented  thus, 

/=^' (1) 

If  the  electrification  at  A  or  B  be  negative,  this  is  in- 
dicated by  putting  a  minus  sign  before  the  symbol  of 
quantity.  Thus  if  A  be  charged  with  +  3  units  and  B 
with  -  6  units  at  a  distance  apart  of  2  cm.,  then 

.    (  +  3)x(-6) 
/  —         ~22  —  ""  *  a* 

A  negative  sign,  therefore,  denotes  attraction.  The  proof 
of  the  very  important  law  in  formula  (1)  is  experimentally 
difficult.  It  was  first  attempted  by  Coulomb  by  using  a 
torsion  balance. 

9.  Definition  of  the  electrostatic  unit  of  quantity  of  electricity, 
— The  above  expression  (1)  will  enable  us  to  define  the 
electrostatic  unit  of  quantity.  Let  /  =  1,  d  =  1,  and 
m  =  m'y  then  must  m  =  1 ;  in  other  words,  when  A  and  B 
are  each  charged  with  an  electrostatic  unit  of  electricity, 
and  are  placed  one  centimetre  apart,  then  will  these  points 
tend  to  separate  with  the  force  of  one  dyne. 

Further  consideration  of  electrostatics  will  now  be 
postponed  until  electrometers  are  discussed. 


CHAPTER  IT. 


MAGNETISM— FUNDAMENTAL  LAWS  AND  EXPERIMENTS. 


10.  A  Magnet,  for  the  purpose  of  this  work,  may  be  con- 
sidered to  be  a  piece  of  steel  or  iron  that  is  capable  of 
attracting  steel  or  iron.  Every  magnet  has  two  poles  or 
points  of  apparent  maximum  magnetisation.  The  line 
joining  these  is  called  the  magnetic  axis.  A  freely-sus- 
pended magnet  balanced  so  as  to  swing  horizontally  sets 
itself  in  such  a  manner  that  its  axis  will  lie  in  a  direction 
known  as  the  magnetic  meridian.  This  direction  makes, 
at  a  given  place  and  time,  a  definite  and  generally  small 
angle  with  the  geographical  meridian.  With  refer- 
ence to  this  position  assumed  by  the  magnet,  that  pole 
which  points  nearly  north  is  generally  called  the  north 
pole,  and  that  which  points  nearly  south  the  south  pole ; 
but  other  names  have  been  given  to  these  poles,  as  will  be 
seen  from  the  following  table : — 


Table  C. 

Names  of  Poles. 

Pole  that  points 

to  the  North,  or 

North-seeking. 

Pole  that  points 

to  the  South,  or 

South-seeking. 

North 

Austral 

Marked 

Red 

True  South 

Positive  ( + ) 

South 
Boreal 
Unmarked . 
Blue . 
True  North 
Negative  (-)    . 

Ordinary  usage. 

French  usage. 

Faraday. 

Sir  G.  Airy. 

Sir  Wm.  Thomson. 

Mathematical  usage. 
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It  thus  appears  that  there  is  great  confusion  in  the  ordinary  1 
terminology.     We  shall  in  this  volume  uae  the  letter  N, 
or  the  sign  +  to  denote  the  north-seeking,  unA  the  letter  ] 
S.  or  the  sign  -  to  denote  the  south-seeking  pole  of  the 
magnet. 


Lehson  VII. — Fundamental  Bxperimente, 

11.  Apparatus. — Bar  and  horse-shoe  magnets  with  their  1 
poles  marked,  some  thin  knitting  needles,  pieces  of  watch-  ' 
spring,  soft  iron  nails,  silk  libre,  test  tubes  with  corks, 
blowpipe,  aeating-wax  varnish,  steel  filings,  two  bars  of  i 
very  soft  iron,  No,  20  iron  wire,  a  strip  of  tinned  i 
s  specimens  of  ateel  and  iron,  and  two  brass  clamps. 
First  (it  up  a  delicate  instrument  for  indicating  the 
presence  of  magnets  and  magnetic  bodies.  We  shall  call 
this  instrument  the  magneiosaipe.  Let 
us  first  heat  a  piece  of  watch-spring  in 
the  blowpipe  flame  to  bright  redness, 
and  then  plunge  it  quickly  into  a 
beaker  of  cold  water.  The  watch- 
spring  will  now  be  found  to  be  hard 
and  brittle.  Next  break  off  a  piece 
a  little  shorter  than  the  breadth  of  the 
test  tube,  and  then  proceed  to  mag- 
netise it  by  rubbing  it  always  in  the 
same  direction  on  one  of  the  poies  of 
the  bar  magnet.  Fit  into  the  open 
end  of  the  test  tube  a  cork  provided 
with  a  glass  tube  terminating  in  a 
crook,  as  shown  in  Fig.  10.  Now 
proceed  to  attach  a  fine  silk  fibre  to 
TiirJurxEL.i-i.iM  the  small  piece  of  magnetised  watch- 
spring,  which  may  be  done  with  the 
help  of  a  little  beeswax.  The  magnet  should  hang  horizoD- 
taily  when  suspended  by  the  silk  fibre.     In  order  to  secure 
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^^1  this  position  a  little  sealing-wax:  vaiTiish  mtij  be  put  ou  one 
^H  end — the  vaniish  serving  the  double  purpose  of  perfecting 
^^K  the  horizontality  of  the  magnet  and  of  distmguishing  the 
^B  one  end  from  the  other.  Attach  the  other  end  of  the  fibre 
^H  to  the  glass  hook,  and  place  the  suspended  system  in  the 
^f     test  tube.     The  test  tube  may  be  supported  by  a  largo  cork, 

through  which  a  hole  has  been  bored  to  admit  the  end  of 

the  tube. 

With  the  aid  of  tJiis  instrument  and  the  above  materials 

let  the  student  perform  the  following  experiments : — 
Experiment  J.— Show  that  like  poles  repel  and  unlike 

poles  attract  each  otlier — the    north  polo  of  the  experi- 
^^     mental  magnet  being  that  end  which  points  to  the  north. 
^H  Experiment  II. — Magnetise  a  piece  of  the  brittle  watch- 

^^1  spring  by  drawing  it  across  the  N.  pole  of  a  magnet. 
^^^  Notice  that  the  end  of  the  piece  of  watch-spring  which  last 
^^K  leaves  the  pole  of  the  magnet  is  an  S.  pole.  Show  that 
^^1  when  broken  into  two  parts  each  portion  of  this  remains 
^H  a  perfect  magnet.  Show  also  that  however  often  the  pro- 
^H  cess  of  breaking  is  repeated,  the  above  result  will  ensue, 
^^ft  each  portion  remaining  a  perfect  magneto 
^^B  Experiment  III. — Show  that  a  test  tube  filled  with 
^^1  filings  or  turnings  of  hard  steel  may  be  magnetised  just  as 
^^B  if  it  were  a  steel  bar.  Then  show  that  if  the  turnings  are 
^H  taken  out,  mixed  togetber,  and  replaced,  they  are  no  longer 
^^1  a  magnet.  To  magnetise  the  filings  a  strong  magnet 
^^1  should  be  used. 

^^1  E7:penmml  IF. — Anneal  a  piece  of  soft  iron  wire  by 
^^B  heatii^  it  to  redness  and  allowing  it  to  cool  slowly,  then 
^^B  show  that  this  wire  attracts  both  ends  of  the  magnet.  A 
^^m  body  which  attracts  both  ends  of  the  magnet  is  said  to  be 
^H  a  magnetie  body. 

^H  Experiment  V. — Attcmjit  to  magnetise  the  soft  iron  wire 
^^P  by  drawing  it  across  the  pole  of  a  magnet ;  when  withdrawn 
^B  it  will  be  found  that  at  the  most  only  a  very  feeble  magnet 
^V   is  produced. 
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Experiment  VI, — Show,  however,  that  while  the  soft 
iron  remains  in  contact  with  or  near  the  pole  of  the  magnet 
the  former  becomes  temporarily  a  magnet,  being  capable 
of  attracting  iron  filings ;  show  also  that  the  portion  of  the 
soft  iron  in  contact  with  the  magnetic  polo  posaeBses  a 
magnetism  opposite  in  name  to  that  of  the  pole,  and 
that  portion  of  it  farthest  from  the  magnetic  pole  a  mag- 
netism the  same  as  that  of  the  pole  by  magnetising  a 
piece  of  steel  by  its  means.  This  is  called  magnetisation 
by  induction. 

Experiment  FIT. — Magnetise  a  piece  of  watch-spring. 
Wind  a  piece  of  wire  round  it  so  that  the  watch-spring 
may  be  held  in  the  blowpipe  flame,  where  it  should  be 
heated  to  a  bright  redness.  The  piece  of  watch-spring 
if  tested  when   cold  will    be   found    to    be    no  longer   a 
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Ev^erimeid  VIII. — Heat  a  bar  of  ii'on  to  a  bright  red- 
ness in  a  good  fire,  and  show  that  it  will  not  now,  on  being 
placed  in  a  horizontal  position  near  the  magnetoscope, 
affect  the  latter.  Watch  the  needle,  and  notice  tliat  when 
the  bar  reaches  a  certain  temperature  there  will  be  a  sud- 
den deflection.  A  piece  of  wood  should  be  placed  between 
the  bar  and  the  magnetoscope  to  prevent  the  radiated  heat 
burning  the  suspending  thread. 

Experiment  IX. — Hold  a  bar  of  soft  iron  in  a  vertical 
position  and  smartly  tap  the  upper  end  with  a  hammer. 
Whilst  still  vertical  test  the  bar,  when  it  irill  be  found  to 
be  a  magnet,  the  lower  end  being  the  north-seeking  pole. 
Reverse  the  bar  and  repeat  the  experiment,  the  polarity 
will  be  found  to  be  reversed,  the  now  lower  end  of  the 
magnet  being  still  the  north  pole.  Here  the  bar  becomes 
magnetised  by  the  inductive  action  of  the  earth,  which  acta 
like  a  large  magnet 

Expeiimettt  X. — Instead  of  a  bar  of  soft  iron  take  a  long 
and  somewhat  wide  slip  of  ordinary  tinned  iron,  and  plac- 
ing it  vertical  as  in   the    last    experiment,  mechanically 
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disturb  ite  particles,  causing  the  iron  to  make  a  noise.  It 
will  now  be  a  magnet,  the  lower  end  being  tbe  uortb  pole. 
If  carried  gently  away  and  applied  to  tbe  magnetoscupo,  it 
will  probably  be  found  to  retain  its  roagnetiaed  state ;  but 
if  once  mow  mechanically  disturbed  when  hoi-izontal  and 
pointing  east  and  west  it  will  be  found  to  be  no  longer  a 
magnet,  being  now  devoid  of  all  (lolaiity,  In  this  state  it 
will  of  course  attract  equally  both  poles  of  the  suspended 
needle. 

Experivieni  XI. — Heat  a  piece  of  steel  and  allow  It  lo  cool 
in  the  close  neighbourhood  of  a  magnet.  The  steel  will  be 
found  to  be  magnetised.  Heat  also  two  bars  of  iron,  but 
while  cooling  place  one  bar  eo  as  to  lie  magnetic  north 
and  south,  and  the  other  bo  as  to  lie  magnetic  east  and 
west — all  magneta  being  removed  to  some  distance  away. 
The  bar  lying  noitli  and  south  will  alone  be  magnetised. 
Of  course  care  must  be  taken  that  the  bai^s  are  not 
sliakeiL 

Expmment  XII. — Obtain  a  large  knitting  needle  and 
clamp  it  firmly  at  the  ends  by  brass  clamps.  Violently 
twist  tbe  wire  when  in  the  close  neighbourhood  of  a  magnet. 
The  knitting  needle  will  be  found  to  have  become  perman- 
ently magnetised. 

From  these  experiments  we  may  learn  various  things. 

In  the  first  place  we  see  that  the  difference  between 
bard  and  soft  iron  consists  in  tliis,  that  the  former  is  cap- 
able of  retaining  its  magnetised  condition  when  withdrawn 
from  the  exciting  cause,  while,  however,  the  latter  is  un- 
able to  do  so,  losing  ail  or  nearly  all  its  magnetism  when 
withdrawn. 

Now  a  body  which,  owing  to  molecular  rigidity,  does 
not  readily  lose  its  magnetisation  is,  from  the  same  cause, 
less  susceptible  of  acquiring  this  condition.  To  increase 
its  susceptibility  in  tliis  respect  we  promote  a  certain 
molecular  freedom,  either  by  heat  or  mechanical  disturbance, 
while  the  body  lies  in  a  position  favouriAle  to  magnetic 
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influence.  The  magnetisation  is  thus  allowed  to  enter, 
and  when  entered  is  kept  there,  for  when  the  body  is 
cooled,  or  when  the  mechanical  disturbance  has  ceased,  the 
particles  are  once  more  in  a  rigid  state.  A  kind  of  trap  is 
thus  laid  for  the  magnetisation,  this  being  invited  to  enter 
through  an  open  door,  whicb  is  immediately  shut,  so  that 
the  guest  is  converted  into  a  prisoner.  This  property  of 
hard  iron  is  called  eoerfive  faree,  a.nd  from  Experiment  X. 
we  may  gather  that  soft  iron  is  not  entirely  devoid  of  this 
property,  possessing  it,  however,  to  a  very  much  smaller 
extent  than  hard  iron. 

Lesson'  Vm. — The  M^netic  Field. 

12.  Exercise. — To  obtain  and  fix  magnetic  curves. 

Apparatus. — Bar  and  horse-shoa  magnets,  pieces  of  soft 
iron,  a  piece  of  ferrotype  iron,  a  paraffin  bath,  sheets  of 
thin  writing  paper,  iron  filings,  a  piece  of  fine  muslin. 

Meilwd.—'M.eh  the  paraffin  wax  in  the  bath,  and  soak 
in  it  a  sheet  of  writing  paper.  Lift  the  paper  out  of  the 
bath  by  one  comer  and  allow  the  melted  paraffin  to  drain 
off.  Suspend  the  paper  by  one  corner  until  the  parafiin 
iias  set  hard.  Coat  several  sheets  in  this  way.  Now  place 
closely  over  a  horizontal  bar  magnet  a  sheet  of  the  pre- 
pared paper,  which  should  be  supported  so  that  the  surface 
is  level  by  means  of  pieces  of  wood.  Scatter  through  the 
fine  muslin  iron  filings  over  the  paper  from  about  a  foot 
above  it  Tap  the  paper  untU  the  filings  set  themselves 
along  lines  which  are  called  maijneiic  curves.  Next  pass  the 
flame  of  a  Eunsen's  burner  over  the  paraffin  paper  so  as  to 
melt  the  paraffin,  when  the  filings  will  sink  into  the  melted 
wax.  On  removing  the  flame  the  paraffin  will  soon  solidify, 
and  the  filings  will  be  retained  permanently  in  the  posi- 
tion which  they  occupied  before  melting  —  that  is  to 
say,  ranged  along  magnetic  curves.  These  curves  may 
best  be  studied  by  holding  the  preparations  up  against 


the  light,  when  the  forms  aasumed  by  the  particles  of  iron 
will  be  distinctly  seen,  owing  to  the  transluceucy  of  the 


« 


(J) 
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—from  simple  bar  magnet. 

„     liorse-ahoe  magnet. 

„  2  bar  magnets  with  like  poles  to- 
gether. 

„  2  bar  magnets  with  unlike  poles  to- 
gether. 

„  bar  magnet  with  a.  piece  of  soft  iron 
in  ita  field. 

„     bar  magnet  near  a  thin  disc  of  iron. 

„     end  of  bar  magnet. 

It  will  thus  be  seen  what  is  meant  by  the  imgnelk 
field.  This  expression  merely  denotes  that  space  all  round 
a  magnet  through  which  it  is  capable  of  exercising  an  in- 
fluence upon  Eoft  iron  or  other  magnets.  Again,  the  mag- 
netic curves  represent,  in  the  first  place,  ropes  or  chains 
more  or  less  continuous,  into  which  the  iron  filings  arrange 
themselves  when  they  are  rendered  free  to  turn  by  the  in- 
fluence of  tapping.  Now,  had  we  u^ed  instead  of  iron 
filings  a  series  of  very  small  needles  free  to  move,  these 
would  have  similarly  arranged  themselves  along  the  mag- 
netic curves,  and  the  direction  of  the  force  acting  on  any 
one  such  needle  would  be  along  the  tangent  to  the  curve 
at  that  point  The  needle  would,  in  (act,  place  itself 
so  that  this  force  would  pass  along  its  axis,  that  is,  it 
would  constitute  itself  a  tangent  to  the  curve  or  be  a 
virtual  portion  of  the  curve.  A  magnetic  curve  is  there- 
fore a  line  or  path  such  that  if  we  walk  along  it  with  a 
little  needle  in  our  hand  tliis  needle  will  always  point 
along  the  path. 

A  magnet  has  not  always  its  magnetism  symmetrically 
distributed  along  its  length.     To  prove  this,  let  us  obtain  a 


PRACTICAL  PHYSICS. 


[ca 


long  knitting  needle,  then,  starting  at  a  point  ^  of  the  I 
wliole  lengtli  from  one  end,  let  us  draw  the  N,  pole  of  a  I 
magnet  several  times  towards  this  end.     Next,  with  the  I 
same  pole  of  the  magnet,  and  starting  from  the  same  jwint,  I 
let  us  perform  the  same  process  towards  the  other  end.    In  j 
this  way  consequent  points  or  poles  will  be  produced.     Th 
will  be  revealed  when  we  obtain  magnetic  curves  from  such 
a  magnet  by  the  process  indicated  above.     Buch  a  peculiar 
disposition  of  magnetism  is  generally,  however,  a  source  of 
trouble,  and  our  object  ia  to  avoid  it  rather  than  court  its 
production. 

Using  as  a  pencil  one  pole  of  a  strong  magnet,  draw  I 
a  pattern  upon  a  thin  uteel  plate,  such  as  the  blade  i  " 
saw,  going  over  the  pattern  several  times.  If  we  then  1 
obtain  magnetic  curves,  these  may  he  found  to  be  very  1 
complicated.     Such  figures  are  known  as  Haldal',i  Fi/^res} 

13.  Qiianiifalive  Eelatwns. — By  no  process  can  a  north 
pole  he  separated  from  a  south  pole.  This  may  be  inferred 
from  the  fact  (Art  11)  that  when  a  magnet  ia  broken 
each  piece  becomes  a  separate  and  complete  magnet,  so 
that  a  magnet  with  one  pole  ia  not  possible.  It  is,  how- 
ever, customary  iu  magnetic  observations  to  assume  that 
a  magnet  acta  aa  if  ita  power  were  concentrated  at  two 
points  near  ita  ends  called  poles.  This  assumption  ia 
the  more  nearly  true  the  longer  and  thinner  ia  the  mag- 
net Let  us  therefore  suppose  that  we  have  two  thin 
magnets  each  2  feet  in  length,  and  a  suitable  toi-sion 
balance.  We  could  arrange  our  apparatus  so  that  we 
might  neglect  the  forces  esei'ted  between  the  poles  that 
are  most  distant  from  each  other,  confining  our  attention 
to  those  that  are  near  togetlier.  By  this  means  we  might 
investigate  tlie  law  of  attraction  or  repulsion  between  these 
near  poles,  and  show  that  it  is  probably  "  that  of  the  in- 
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verse  square."  We  Bliall,  however,  adopt  a  different 
method  of  procedure.  We  shall  begin  by  assuming  that 
the  poles  are  at  the  ends  of  the  magnet,  and  that  the  law 
of  force  is  that  of  the  "  inverae  square,"  and  with  this 
assumption  we  shall  investigate  the  action  of  one  magnet 
upon  another  in  certain  special  cases.  The  formulie  deduced 
will  then  be  submitted  to  experimental  verification,  which 
will  prove  their  truth,  and  along  with  it  the  truth  of  "  the  law 
of  the  inverse  square,"  upon  which  the  formulie  were  built. 
The  force  of  attraction  or  repulsion  between  two  mag- 
netic poles  is  expressed  in  the  C.  G.  S.  system  in  dynes. 
If/  and  /'  be  the  magnetic  strength  of  two  poles,  and  d  the 
distance  between  them,  then  the  whole  force  of  mutual 
repulsion  or  attraction  will  be 


^XC 
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the  upper  sign  being  used  when  there  is  i 
the  lower  sign  when  there  is  attraction. 

The  magnetic  force  exercised  by  the  earth  at  a  given 
time  and  place  on  a  unit  pole  is  called  the  Jjilensily  of  //le 
Earth's  Magnetic  Field  at  that  time  and  place.  If  wo  have 
a  magnetic  needle  so  placed  that  it  is  free  to  oscillate  in  a 
vertical  plane,  its  horizontal  axis  of  motion  passing  strictly 
through  its  centre  of  gravity,  and  if  the  vertical  plane  in 
which  it  oscillates  be  that  of  the  magnetic  meridian,  then 
the  needle  will  point  in  an  inclined  position,  and  the  total 
intensity  of  the  earth's  magnetism  will  act  upon  it.  Under 
those  circumstances,  if/  be  the  magnetic  strength  of  the 
poles,  we  shall  liave  the  whole  force  acting  on  a  pole  repre- 
I  sented  as  follows : — 

"WTiole  force  aeting  on  niagnet  =  ±/T  ,  ■     (2) 

f  (Here  T  corresponds  to  ^  of  formula  (1).     Pur  although 
we  are  entitled  to  regard  the  earth  as  a  magnet,  we  cannot 
I  treat  it  as  an  ordinary  magnet  of  great  size,  the  two  poles 
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of  which  are  at  definite  and  lueasurable  distances  from  the 
locality  of  our  observation.) 

If  the  above  magnet  be  now  supported  so  that  it  is  c 
jielled  to  swing  in  a  horizontal  plane,  it  will  point  in  the 
direction  of  the  magnetic  meridian,  but  it  will  not  now 
have  the  whole  of  the  earth's  magnetic  force  acting  upon 
it,  but  only  the  horizontal  component  of  that  force.  If  we 
caU  this  H  we  shall  now  h.ive 

Forte  noting  on  magnet  =  ±/H      .        .         .     (3) 

This  force  is  entirely  of  the  nature  of  a  covjile,  that  is  to 
say,  if  the  needle  be  turned  in  a  direction  at  right  anglea 
to  the  magnetic  meridian,  we  shall  have  an  attractive  force 
acting  on  the  N.  pole  of  the  needle  at  right  angles  to  its 
length  tending  to  pull  this  pole  to  the  north,  and  an 
opposite  force  acting  on  tlie  S.  pole  of  the  needle  tend- 
ing to  push  it  from  the  jiorth  or  puU  it  southwards. 
And  inasmuch  aa  the  length  of  the  needle  is  quite  in- 
Bignificant  compared  to  the  size  of  the  earth,  so  that 
both  ends  of  the  needle  may  be  looked  upon  as  identi- 
cally situated  with  respect  to  the  earth's  magnetic  field, 
the  one  of  these  forces  will  be  precisely  equal  to  the 
other.  Hence  the  earth's  action  on  the  magnet  will 
be  merely  directive,  and  the  magnet  will  neither  be 
attracted  nor  repelled  by  the  earth  as  a  whole,  Hence 
also  a  magnetised  body  does  not  experience  any  in- 
crease or  diminution  of  weight  as  a  consequence  of  its 
magnetisation. 

The  couple  which  thus  acta  on  a  horizontally  suspended 
needle  may  be  termed  lite  Horizontal  Terrestrial  Magnetic 
Couple.  Its  moment  is  found  by  multiplying  the  above 
force  by  the  arm  of  the  couple,  that  is  to  say,  by  the  dis- 
tance between  the  two  poles.  If  A  be  the  distance  between 
one  of  the  poles  and  the  centre  of  the  needle,  then  the 
distajice  between  the  two  poles  will  be  2A,  and  the  moment 
of  the  horizontal  terrestrial  magnetic  couple  will  be  2kftl. 
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Let  us  now  proceed  to  study, the  action  of  a  magnet 
upon  a  needle.  For  this  purpose  conceive  nOs  (Fig.  11) 
to  be  a  small  horizontally-suspended  magnetic  needle  which 
is  displaced  from  its  position  of  rest, 
MOB  in  the  magnetic  meridian,  so  as 
to  make  the  angle  a  (which  we  shall 
suppose  to  be  small)  with  this  meridian. 

Let  H  denote  the  horizontal  intensity 
of  the  earth's  magnetism ;  let  /'  be  the 
strength  of  a  pole,  and  2  A  the  distance 
between  the  poles,  then  the  couple 
urging  the  needle  back  to  its  position 
of  rest  will  be 

2X/Hsina    .         .         .     (4) 

Suppose  now  that  the  needle  nOs  is  kept 
deflected  by  a  powerful  horizontally-fixed 
permanent  magnet  NS  (Fig.  12),  placed 
with  its  axis  in  a  line  that  is  perpendicu-  g 
lar  to  the  magnetic  meridian,  and  that 
passes  through  the  centre  of  suspension 
of  the  magnetic  needle.  Let  ±  /  be  the 
strength  of  the  poles  of  the  fixed  mag- 
net, 21  the  distance  between  its  poles, 
and  d  the  distance  of  its  centre  from  the  centre  of  the 
needle. 

If  we  suppose  A  to  be  very  small  compared  to  the 
distance  d,  and  if  the  angle  a  is  not  great,  then  the  dis- 
tance of  the  pole  S  from  n  or  s  will  be  approximately 
represented  by  d .-  I,  while  that  of  the  pole  N  from  n 
or  s  will  be  approximately  represented  hy  d  +  l. 

We  thus  find  (assuming  the  law  of  force  to  be  that  of 

the  inverse  square) 

-ff 
Attraction  of  S  upon  n=,.  •^-.^ 

Repulsion  of  N  upon  '"'^ rjfi\n' 


Fig.  11. 


30  PRACTICAL  PHYSICS.  [ch. 

Hence  total  attractive  action  upon  n 

^^  \  {d+if  '  p^  1 ' 
_-ifld 

In  like  manner  the  total  repulsive  action  upon  s 

_  +  iff 'Id 

Bearing  in  mind  that  this  force  makes  approximately  an 
angle  (90  -  a)  with  the  length  of  the  needle,  we  thus  see 


d  1 


Fig.  12. 


Is 


■2l- 


-> 


M 


that  the  needle  is  acted  upon  by  a  couple  whose  moment  is 

Sff'lKdcosa 
(d^-P)^" 

Now  this  moment  must  (since  there  is  equilibrium)  be  equal 
to  that  of  the  earth's  magnetic  couple ;  hence 
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Sff'tXd  cos  a      rt-,^„    • 
r^i_m2     =  2/'XH  sm  a  ; 


or 


2fl  _((P-  P)^ 


H 


2d 


tan  a. 


It  will  be  seen  that  2fl  is  the  strength  of  the  one  pole 
of  the  permanent  magnet  multiplied  by  the  distance  be- 
tween the  two  poles ;  this  is  called  the 
moment  of  the  magnet.  If  we  designate  this 
moment  by  M  we  have 


M_(f -O* 
H  ~      2flJ 


tana 


(U 


and  if  d  be  very  great  compared  with  I  this 
will  become 


M        (^3 

—  =  —  tan  a 

H      2 


(I«) 


In  a  similar  manner  the  relation  between 
M  and  H  can  be  ascertained  when  the  magnet    " 
is  placed  broadside  on,  as  in  B,  Fig.  13.    These  -^ 

two  positions  we  shall  call  the  A  and  B  Tan-  ' 

gent  Positions  of  Gauss.  ^'^'  ^^' 

In  the  following  table  are  given  the  first,  second,  and 
third  approximations  to  the  value  of  g  for  the  two  cases  A 
and  B. 

Table  D. 


Posi-      l8t  Approxi- 
tion.       mation  (a). 


Formula  for  the  Tanoent  Positions  A  and  B  of  Gatjss. 

3d  Approximation  (c). 


2d  Approxi- 
mation (&X 


M     ei'tana    M     {cP-Pf  iz.na    M 


H 


H 


2d 


^  I  1  +  ^{2P  -  3X2  +  15X2  sin2  a)  J  = 


^    ^=d8tana    ^  =  ((^2  +  22)1  tana    ^^l-^{lP-^\^-{-^\^%m^a)\ 


c^tan  a 
2 

c^  tana. 


If  these  formula)  be  examined  it  will  be  observed  that 
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in  the  first  approximation  the  length  of  the  magnet  is 
neglected  as  being  small  compared  to  the  distance  between 
the  magnet  and  the  needle.  In  the  second  approxi- 
mation, however,  this  is  taken  into  account,  but  the  poles 
ate  regarded  as  being  placed  at  the  extremities  of 
the  magnet.  But  in  the  third  approximation  regard  is 
had  to  the  length  of  the  small  needle.  What  we  here 
obtain  is  virtually  an  expression  of  the  following  form,  if 
we  take  position  A  : — 

SO-»=T  •       •   •  (^) 

where  K  is  a  constant,  inasmuch  as  the  variable  expression 
involving  sin^  a  is  exceedingly  smaU.  The  best  method  of 
determining  this  constant  is  by  varying  the  distance,  which 
we  shall  now  suppose  to  become  d\  while  the  angle  of 
deflection  becomes  a'.     Hence 

HO+d-0  =  -T-     ....     (2) 

Between  (1)  and  (2)  the  constant  K  may  be  eliminated, 
and  we  obtain 

M  _rf°  tan  g  -  d'^  tan  a' 


Lesson  IX. — ^Action  of  a  Magnet  on  a  Magnet. 

14.  Exercise. — To  prove  the  formulsB  of  the  preceding 
paragraphs  experimentally. 

Apparatus. — ^A  compass  box  consisting  of  a  small  mag- 
netic needle  (Fig.  14)  pivoted  at  the  centre  of  a  circular 
card,  which  is  graduated.  The  needle  has  a  pointer  pp' 
of  brass  wire  placed  at  right  angles  to  the  magnetic  needle. 
To  avoid  parallax  in  reading  the  position  of  the  pointer 
the  bottom  of  the  compass  box  is  provided  with  a  mirror, 
which  is  indicated  by  the  shaded  portion  of  the  figura 


The  compasE  box  is  placed  on  a  scale  gnuluated  in  milli- 
metres. A  short  but  powerfully  magnetised  bar  magnet 
will  likewiae  be  required. 


ifei/wrf.— Arrange  the  apparatus  for  the  A  position  of 
GauHS.     See  that  both  pointera  are  at  zero.     Place  the  bar 


"\j 

^ 

^ 

la    -— 

^ 

M 

7 

^ 

M 

^            -N 

.J^ 

magnet  on  the  east  limb  of  the  instrument  with  its  N  pole 

vest,  and  note  the  deflection  produced  by  means  of  the 

pointers,     ^ote  at  the  same  time  the  exact  distance  be- 
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tween  the  centres  of  the  two  magnets.  Then  turn  the 
magnet  end  for  end,  so  that  while  its  centre  preserves  the 
same  position  its  south  pole  is  now  nearest  the  needle,  and 
again  read  the  deflected  position  of  the  pointers.  Next 
take  the  magnet  to  the  other  limb  of  the  instrument, 
leaving  its  distance  from  the  centre  of  the  needle  the  same 
as  before,  and  obtain  a  series  of  deflections  similar  to  those 
already  described.  Fig.  15  shows  the  various  positions. 
Take  the  mean  of  the  deflections  in  order  to  obtain  the 
angle  a.     Lastly,  repeat  the  observations  with  different 

distances,  and  then  calculate  the  value  of  ^  with  the  aid 

of  the  preceding  formulae. 

Repeat  the  experiment  for  the  B  position  of  Gauss. 
Example. — 

A  Position. 


Posi- 
tion. 

Distance  of 

Magnet  from 

Compass  Box. 

Deflection  (a). 

Experiment  L  — 

1 

20  cm. 

ll*'-25 

2 

)) 

ir-0  —Mean,  ll''-125 

3 

)} 

ir-0 

4 

ft 

ll*'-25 

Experiment  IT,  — 

1 

10  cm. 

30° -00 

2 

)) 

SO'^-OO— Mean,  30''-19 

3 

)) 

SO'^-SO 

4 

}) 

30" -25 

Experiment  HI. — 

1 

5  cm. 

4^-00 

2 

)) 

53" -00     Mean,  51"  "06 

3 

)) 

53" -00 

4 

n 

49" -25 

Length  of  magnet = 
Leng 

10-5  cm 
th  of  con 

.     Diameter  o: 
apaas  needle  = 

■  compass  box  =  18'0  cm. 
28-5  mm. 

The  difference  between  the  values  in  Experiment  III. 
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would  seem  to  indicate  that  the  magnet  was  too  near  the 
compass  box,  hence  we  shaU  reject  the  result. 

Exp.  I.  Exp.  II. 

M 
Using  Formula  (la)   .         .  •     S"  =  3949-4        4148-4 

(h)   .        .        .        •     g-  =  8767-0        3768-7 

M 
(Ic)    .  .        •     H   "^  ^^^^'^        ^^^^'^ 

Taking  the  mean  of  the  Ic  results  as  the  most  probably 
accurate  value,  the  percentage  error  from  this  mean  was 
found  for  formulae  !«  and  I^, — 

Formula  (la). — Exp.  I.  .  Percentage  of  error  +4*3 

Exp.  II.  .  .                ,,            >.  +9*6 

Formula  (Ift). — Exp.  I.  .                         ,,            ,,  -0*5 

Exp.  II.  .  .                ,,            .,  -0*4 

16.  Method  of  Sines, — If  the  compass  box  and  the  scale 
were  mounted  so  as  to  revolve  about  the  centre  of  suspen- 
sion of  the  needle,  and  if  a  graduated  fixed  external  circle 
were  provided  in  order  to  measure  the  amount  of  rotation, 
then  the  readings  might  be  taken  in  another  way.  The 
needle  being  at  zero  to  begin  with,  we  might  then  place 
the  magnet  on  the  scale,  and  cause  the  apparatus  to  revolve 
until  the  needle  is  again  at  zero.  By  means  of  the  gradu- 
ated circle  we  might  ascertain  the  exact  amount  of  rotation 
which  would  represent  a,  or  the  angle  through  which  the 
needle  had  been  deflected  from  its  position  of  rest.  On  the 
other  hand,  the  angle  between  the  magnet  and  the  needle 
is  no  longer,  as  in  the  first  method,  90°  -  a,  but  90°,  in- 
asmuch as  the  one  is  kept  perpendicular  to  the  other.  It 
follows  that  in  Art.  1 3,  when  we  equate  together  the  earth's 
and  the  magnet's  magnetic  couple,  instead  of  cos  a  we  must 

substitute  unity ,  and  for  ^^  or  tan  a  simply  sin  a.     In 

other  respects  the  expressions  will  remain  the  same  as 
before. 
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VtH  »hall  thug  obtain  the  following  modified  formulas — 
Iv^ition  A 

approximately 


VfmUhii  H 


apfiroximatf;ly 


M    ^  sin  a  ^  ,^^ 

H=-2-    •         •         •  •      •     (2) 


iir-2-7^1=^'^^«         ...      (3) 


M 

..=cPsma (4) 


16.  Determination  of  MR. — It  has  been  shown  in  Vol.  I. 
p.  24G  tliat  the  time  of  vibration  (t)  of  a  magnetic  system 
oscillating  under  the  action  of  the  earth's  magnetism  may, 
if  we  dispense  with  torsion,  be  represented  as  follows : 


V  MH 


(« 


where  I  is  the  moment  of  inertia  of  the  system,  and  MH 
the  directive  couple  due  to  the  mutual  action  of  the  magnet 
and  the  earth. 

If  t  be  experimentally  determined,  and  if  I  be  ascer- 
tained either  experimentally  or  by  calculation,  then  equa- 
tion (1)  will  enable  us  to  find  MH.  But  we  have  already 
shown  how  g  may  be  obtained.  Hence  we  have  now 
sufficient  data  to  enable  us  to  obtain  both  M  and  H ;  that 
is  to  say,  both  the  moment  of  the  magnet  and  the  hori- 
zontal intensity  of  the  earth's  magnetism. 

It  will  at  once  be  seen  that  it  is  quite  essential  to  obtain 
two  expressions  in  order  that  we  may  determine  each  of  the 
two  separate  and  independently  varying  quantities  M 
and  H. 

Nor  will  it  do  to  determine  M  once  for  all,  for  a  magnet 
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small,  very  shallow  chamber,  A  small  mirror  (such  i 
used  for  a  Thomson's  galvanometer),  having  a  little  n 
made  of  watch-spring  attached  to  its  back,  ia  provided  with 
a  fibre  of  unspun  silk,  and  suspended  in  the  small  chamber, 
the  upper  end  of  the  fibre  being  fastened  by  wax  to  an  ad- 
justable brass  pin,  d.  Tho  chamber  ia  shut  in  by  a  strip  of 
glass,  which  ia  held  in  its  place  by  means  of  two  wooden 
side  pieces,  or  by  cement,  Tlie  little  chamber,  if  made  of 
brass,  as  shown  in  the  shaded  portiona  of  c.  Fig.  17,  will 
possess  several  advantages  over  a  wooden  chamber ;  for 
it  will  help  to  bring  the  mirror  to  rest  by  its  damping 
effect,  and  it  will  be  free  from  small  splinters  such  as  are 
apt  to  interfere  with  the  motion  of  the  needle  in  a  wooden 
chamber.  By  making  the  chamber  only  just  larger  than 
the  mirror,  and  very  shallow,  the  instrument  may  be  made 
to  possess  almost  all  the  properties  of  a.  dead-beat  arrange- 
ment ;  that  is  to  say,  after  being  disturbed,  the  needle  will 
almost  immediately  return  to  its  position  of  rest. 

In  addition  to  this  magnetome- 
ter, several  knitting  needles  about 
1  mm.  thick  (or  less)will  be  required. 
Also  an  apparatus  for  magnetising, 
(Consisting  of  a  helix  and  battery, 
as  well  as  a  wire  gauge  and  slide 
calliper  for  measuring  the  length  and 
diameter  of  the  wire.  In  order  to 
determino  the  time  of  vibration  of 
magnet,  the  simple  apparatus 
shown  in  Fig.  18  should  be  used. 
It  consists  of  a  wide-mouthed  bottle 
about  16  cm.  high  and  S  cm,  in 
diameter,  provided  with  a  cork,  which  lias  inserted  into  it 
a  gloss  tube  terminating  in  a  book.  From  this  hook  a 
fibre  may  be  suspended,  having  the  magnet  attached  to  its 
lower  end.  A  stirrup  of  paper  or  aluminium  foil  may  be 
employed  to  support  the  magnet.      A  black  vertical  ink 
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line  ab  is  ruled  down  the  side  of  the  bottle.     On  the  oppo- 
site side  is  a  sheet  of  white  paper,  AB. 

It  will  likewise  be  necessary  to  have  a  block  of  wood, 
W,  intended  to  support  a  wooden  millimetre  scale  MN 
(Fig.  16),  this  being  held  in  its  place  by  the  button  B. 
The  block  is  of  such  a  size,  that  when  placed  on  the  base  of 
the  magnetometer,  the  scale  and  the  needle  may  be  nearly 
at  the  same  horizontal  level.  We  have  said  nearly,  because 
the  scale  should  be  slightly  lower,  so  that  when  the  magnet 
m  is  placed  on  the  scale,  where  it  may  be  held  in  place 
by  the  end  of  a  cork,  c,  its  axis  may  be  as  nearly  as 
possible  in  the  same  horizontal  plane  as  the  axis  of  the 
magnet  attached  to  the  mirror.  Finally,  a  galvanometer 
scale  will  be  necessary. 

Method — Preparation  of  the  Magnets. — Take  about  ten 
pieces  of  knitting  needle,  each  about  7  cm.  long,  and  bind 
them  together  by  iron  wire.  Then  heat  them  in  the  blow- 
pipe flame  or  in  the  fire  to  redness,  allowing  them  to  cool 
slowly;  they  will  thus  be  softened.  Now  file  the  ends 
so  that  they  may  be  true,  and  straighten  each  of  the 
wires.  Again  bind  them  together,  heating  them  to 
bright  redness,  then  very  quickly  remove  them  from  the 
fire,  and  plunge  them  vertically  into  cold  water.  They 
will  now  be  very  hard.  Next  place  the  bundle  in  the 
centre  of  a  helix  of  insulated  wire,  around  which  a  strong 
current  is  passing.  The  wires  should  now  be  strongly 
magnetised.  Each  of  these  wires  may  be  used  as  a  separate 
magnet. 

Setting  up  the  Magnetometer. — ^Place  the  instrument  on  a 
firm  slab  or  table,  in  the  position  where  it  is  desired  to 
determine  H.  The  front  of  the  instrument  must  lie  along 
the  magnetic  meridian,  and  the  whole  must  be  levelled  so 
that  the  mirror  may  swing  freely.  Set  up  the  galvan- 
ometer scale  also  in  the  magnetic  meridian,  and  at  such 
a  distance  as  shall  be  best  adapted  for  obtaining  a  clear 
image  on  the  galvanometer  scale  of  the  luminous  slit  as 
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reflected  from  the  surface  of  the  suspended  mirror,  or 
scale  may  be  set  exactly  a  mittre  away,  and  the  image  of 
a  wire  placed  iu  the  slit  (see  Art.  3a)  may  be  focused  by 
a  lens. 

TaMng  Defiedions. — Fix  one  of  the  magnets  broadside  oil'  I 
(the  B  position  of  Gauss)  :is  regards  the  suspended  needle,  J 
and  take  readings  such  as  have  been  described  in  Lei 
IX.  Do  this  Buocessively  with  several  magnets.  In  order  I 
to  determine  the  angle  of  deflection,  it  will  be  necessary  to,  I 
know  the  distance  of  the  galvanometer  scale  from  the  I 
mirror,  and  likewise  the  value  in  milUmStrea  of  one  of  its  J 
scale  divisions. 

Deiermiimg  the  Time  of  Viln-iUion. — Place  a  magnet  so  "] 
that  it  bangs  horizontally  in  the  atirmp  of  Fig.  18.     Then 
set  it  vibrating,  but  without  any  swinging  motion,  in  such 
a  manner  that  it  makes  equal  oscillations  on  either  side  of 
the  ink-mark.     Then  standing  two  or  three  yards  away,  in   i 
order  that  the  error  due  to  parallax  may  be  araall,  note  I 
(iown  the  times  of  pasaagea,  using  the  method  described  ia  1 
Vol.  I.  p.  188.      In  the  same  manner  ascertain  the  time  otm 
vibration  of  the  other  magnets  which  were  used  in  the:f 
deflection  observations.^ 

Calculalion  of  Moment  of  Inertia. — Determine  the  length  I 
and  diameter  of  the  wire  by  one  of  the  methods  of  Vol.  L 1 
Tlien  calculate  the  moment  of  Inertia  I  from  the  formula.^ 
given  in  Vol.  I.  p.  244. 

Example. — 

DiatuiCB  of  mirror  from  scale  =  78  -fi  om. 
200  acnJii  diviaiaiiB  — 20-35  cm. 
Tims itistance  of  nadiug  scale  from  defieated  ueedlo  =  7il-5  : 
ilivisioDs. 

Half  length  of  magnet  i!=2-B37  cm. 


'  The  above  aimpla  luetliod  has  been  greatly  improved  in  its  Jetaila,. I 
f»  OS  to  iiicreoie  largf]<r  its  accuracy.  6ce  "  Measurement  of  the  In-  I 
tjinaity  of  H  at  Glasgow,"  by  T.  Gray,  B.Sc.,  Phii.  Mag.,  Dec  1386,  " 
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The  three  foUowing  sets  of  readings  were  taken  :— 

Distance.      ^^'^^,^,,     Tan  2a. 

2*'31' 

4^0' 

5°  21' 


(a) 

13*2  cm.              68 

771*5 

W 

11-05,,              113               .^^\ 
"                                771*5 

(c). 

146 

10-10  „                  146                   >r^ 

"                                771*5 

(a) 

^  =  (182*29)*  tan  2°  31' =  108 '18 
xl 

W 

^  -(130-15)^  tan  i"  10' -108 '17 
xl 

(c) 

^  -(110-06)'  tan  5**  21' -108 '13 

Mean        108*16 

Hence 


.        .     (A) 

Weight  (w)  of  magnet  =    *467  grms. 
Length  (L)  of  magnet  =  5*674  cm. 
Radius  (r)  of  magnet  =     '05614  cm. 

I  =  r^  +  ^)yj= (2  -6829  +  *000788)  '467  =  1  *2533. 
T=time  of  oscillation  =  3*54  seconds. 

MH  =  '*^  =  3-948       .        .        .        .     (B) 


MH  X  5  =  H2= -036504, 
M 

H=*191. 


18.  Determination  of  M, — The  value  of  H  for  the  locality 
having  once  been  obtained,  this  may  be  used  in  subsequent 
experiments,  provided  that  no  change  in  the  surrounding 
movable  iron  has  been  made.  During  a  set  of  experiments 
it  is  well  to  determine  H  at  the  commencement  and  at  the 
end  of  the  series.  If  H  has  been  thus  determined,  and  if 
we  assume  it  to  be  practically  constant,  or  at  least  subject 
to  very  small  variations,  it  is  clear  that  a  single  observation 
of  deflection  will  enable  us  to  determine  M ;  and  if  the 
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magDetumeter  has  a,  fixed  position,  this  observation  will  bea 
of  tbe  simplest  possible  character.    We  have  in  fine,  taliinj 
the  A  Position, 


M  =  H>'^ 


and  also 


(III 


'  mm 


ivhere  s  is  the  deSection  in  scale  divisions,  and  L  then 
(liatance  of  the  mirror  from  the  scale,  also  in  scale  divi-l 
sions.  From  (3)  tan  a  may  be  ascertained,  by  the  help  of-B 
tables  (see  Vol.  I.  p.  55),  and  hence  the  value  of  M  may  b^B 
found  from  (1)  with  very  little  trouble. 

If  our  object  is  to  determine  H  for  purposes  conuected-J 
with  terrestrial  magnetism  we  must  conduct  our  experi-l 
ment  in  a  locality  perfectly  free  from  neighbouring  iron.  T 
A  small  ivoodeo  house  put  together  with  copper  nails  i 
frequently  used.  But  for  each  observation  it  is  highly! 
desirable  to  use  the  more  complete  instrument  to  bflj 
afterwards  described. 

19,  Tiie  magnetometer  may  be  employed  for  studying;! 
the  variations  of  the  moments  of  magnets  under  different! 
conditions.  This  will  be  exemplified  in  the  next  lesson,  in  I 
which  wo  shall  treat  of  the  effect  of  temperature  upon  a  1 
magnet. 

Lesson  XI. — Effect  of  Temperature  on  Magnetism. 

20.  Exerdse. — To  plot  a  curve  showing  the  variations  of 
the  magnetic  moment  of  a  magnet  with  changes  of  tem- 
perature, and  to  deduce  the  temperature  coefficient 

Apparatus. — A  bar  magnet  M  (Fig.  19),  about  10  cm,- 
long  and  1  cm.  in  diameter.  Around  tliis  magnet  is  wound.  I 
strong  brass  wire  in  order  to  enable  it  to  be  supported  1 
firmly  from  a  wooden  stand  C.  The  magnet  is  thus  fixed  1 
in  a  horizontal  position  in  an  evaporating  basin  of  porcelain  1 
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V,  which  rests  on  two  fire-bricka  BR  Oil  is  placed  in  the 
basin  so  aa  juet  to  cover  the  magnet.  The  oil  is  heated 
by  a  glass  spirit-lamp  L,  the  temperature  being  recorded 
by  the  thermometer  T.  The  apparatus  is  placed  at  a  fixed 
distance  from  the  magnetometer,  the  magnet  being  in  the 


^m  Me 

^H  accord 
^^^  heated 


A  tangent  position  of  Gauss.  For  accurate  work  a  second 
magnetometer  will  be  necessary.  It  should  be  fixed  some 
distance  away  from  the  other  one. 

Mellwd. — All  requisite  adjustments  having  been  made 
according  to  the  preceding  lessons,  the  oil  is  gradually 
heated,  and  the  readings  of  the  magnetometer  and  ther- 


44 


PRACTICAL  PHYSICS. 


[CH. 


mometer  axe  taken  for  a  rise  of  say  every  5°  C.  up  to  about 
120"  C.  The  lamp  is  then  removed  and  the  readings  are 
repeated  as  the  oil  cools.  It  will  be  necessary  to  observe 
whether  the  zero  point  of  the  magnetometer  has  undergone 
any  change  during  the  progress  of  the  experiment,  such  as 
that  which  would  be  produced  by  the  solar  diurnal  varia- 
tion of  declination.  The  disturbance  due  to  the  declina- 
tion change  will  have  to  be  determined  by  means  of  a 
second  similar  magnetometer.  Curves  should  be  plotted 
exhibiting  the  simultaneous  readings  of  the  magnetometer 
and  thermometer,  from  which  the  temperature  coefficient 
of  the  magnet  may  be  deduced,  as  shown  in  the  following 
example. 

Example, — A  telephone  magnet  magnetised  to  satura- 
tion was  heated  and  cooled  twice.  The  results  are 
tabulated : — 


Experiment 

/. 

Experiment  IL 

irapera- 

Deflection. 

Tempera- 

Deflection. 

ture. 

Heating. 

Cooling. 

ture. 

Heating. 

Cooling. 

30 

198 

•  «  « 

10 

240 

•  •  • 

40 

195 

170-5 

30 

235 

229 

50 

191 

165 

40 

232 

225-2 

60 

184-5 

162-8 

50 

228 

221 

70-2 

178 

159 

60 

224 

217 

80 

172 

156-2 

70 

220 

212 

90 

165-5 

154 

80 

215-5 

208 

100 

157 

•  •  • 

90 

209-5 

202-5 

100 

201 

199 

101 

199 

•  •  • 

We  perceive  from  these  experiments — (1.)  That  the 
rate  of  loss  for  rising  is  greater  than  the  rate  of  gain  for 
falling  temperatures.  (2.)  That  we  have  a  permanent 
loss  of  magnetism  in  the  double  operation  which  is  less 
in  Experiment  I.  than  in  Experiment  II.  To  calculate  the 
temperature  coefficient  between  any  two  temperatures  we 
make  use  of  the  formula : — 
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where  Me  is  the  moment  at  the  temperature  t,  Mt^  is  the 
mJoment  at  the  standard  temperature  t^,  and  q  is  the  re- 
quired coefficient. 

Thus  in  Experiment  I.,  with  ^  =  100,  ^o  =  50,  we  find, 
for  rising  temperature — 

157  =  191(1 -60g),  or  2= -00356. 

21.  Distribution  of  Magnetism, — It  is  an  interesting 
problem  to  determine  the  distribution  of  magnetism  at 
different  points  of  a  bar  magnet.  The  theoretical 
investigation  as  given  by  Biot,  Green,  Jamin,  and 
Eowland  is  much  beyond  the  scope  of  this  treatise. 
A  summary  will  be  found  in  Mascart  and  Joubert's 
Treatise  on  Electricity  and  Magnetism,  vol.  i.  pp.  393- 
398. 

Many  of  the  experimental  methods  that  have  been  used 
for  this  purpose  are  open  to  grave  objection ;  but  we  shall 
nevertheless  give  some  of  these  methods,  for  not  only  are 
they  of  great  historic  interest,  but  they  involve  principles 
that  should  be  known  to  the  student,  who  may  require  some 
application  of  them  in  studying  magnetic  problems.  The 
chief  methods  are 

(1.)  The  Method  of  Vibration. 

(2.)  That  of  the  Torsion  Balance. 

(3.)  Test-Nail  Method. 

(4.)  Kowland's  Method. 

(5.)  The  Deflection  Method. 

Of  these  the  fourth  is  the  only  one  that  is  really  free 
from  theoretical  objection ;  it  will  be  considered  fully  in 
the  chapter  on  electro-magnetism. 

The  first  two  methods  were  used  by  Coulomb  in  his 
classical  experiments.-^     The  third  method,  depending  upon 

^  See  Collection  de  Mimoires  relatifs  A  la  Physique  puhliis  par  la 
SociiU  Frangaise  de  Fhysiqiic,  tome  i. ;  Mimmres  de  Coulomb,  Paris, 
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the  force  neceBSary  to  detach  a  magnetic  particle  from 
different  parts  of  a  magnet,  has  been  the  subject  of  several 
mechanical  devices,  and  we  may  especially  mention  that  | 
due  to  Jamiu.'^ 


Lesson  XH. — Distribution  of  Magnetism — Mett 
of  Vibrations. 

22,  Exercise. — To  determine  the  distribution  of  mag 
iem  along  different  points  of  a  bar  magnet  and  to  compare 
the  reeult  ^th  Blot's  foiTnula, 

Apparatus. — (1.)  A  bar  of  hard  steel,  730  mm.  long  by 
10  mm.  in  breadth  and  6  mm.  thick,  that  has  been  gradu- 
ated into  ceotimf^tres,  and  magnetised  by  insertion  into  a 
hehx  of  insulated  wire,  through  which  a  strong  current 
flows.  (2.)  A  small  massive  cylindrical  needle  of  glass- 
hard  steel  about  1 0  Tnm  long  by  5  mm.  in  diameter, — a 
piece  of  a  rat-tail  file  will  do  very  well.  This  must  bo 
magnetised  to  saturation.  (3.)  A  wooden  case  (see  Fig. 
20)  with  a  glass  window,  in  which  the  needle  N  fixed  in 
a  stirrup  is  suspended  by  a  silk  fibre  from  the  roof,  and 
prevented  from  swinging  by  a  second  fibre  connecting 
the  bottom  of  the  needle  with  the  floor  of  the  case. 
At  the  back  of  the  case  a  groove  is  cut,  in  which  the 
magnet  M  may  slide  up  or  down  at  a  constant  small  dis- 
tance from  the  needle.  The  magnet  may  be  clamped  by 
a  wooden  button,  so  that  any  of  the  division  marks  may 
lie  in  the  axis  of  the  needle.  The  apparatus  is  clamped 
to  tlie  edge  of  the  table  by  a  brass  hand  clamp.  (4.) 
For  taking  the  time  of  vibration  an  American  stop-clock  is 
useful. 


I,  Uouri  lie  Phs^ff,  ti 


I 

..f    I 

Chia      ^^M 


Theory. — According  to  Art.  16,  if  a  m^:iiet  of  moment 
M  be  set  -vibrating  in  a  field  of  strength  H,  then 


where  t  is  the  time  of  vibration  and  I  is  the  moment  of 
inertia.     Hence 

MH=-^ (2) 
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where  K  U  a  constant  for  the  same  magnet.     Now  if  this 
magnet  be  placed  in  a  field  of  strength  H  +  Fj,  then  from  (2) 

M(H  +  Fi)=J (3) 

where  t^  is  the  new  time  of  vibration.     Again,  if  the  field 
be  of  strength  H  +  Fg,  then,  as  before, 

M(H  +  F,)=^, (4) 

Hence  ^-^ 

where  N,  N^  and  Ng  are  the  number  of  vibrations  made  in 
the  same  length  of  time  in  these  cases. 

Method  of  Experiment. — (1.)  Place  the  apparatus  in  the 
magnetic  meridian.  (2.)  Set  the  needle  vibrating  under 
the  action  of  the  earth  alone,  and  determine  its  time  of 
vibration  by  counting  say  100  vibrations  and  observing  the 
interval  of  time  by  the  stop-watch.  (3.)  Place  the  magnet 
in  position  and  observe  now  the  time  of  vibration  of  the 
needle  for  different  positions  of  the  magnet.  Care  muBt 
be  taken  that  the  needle  does  not  take  up  a  swinging 
motion,  which  will  interfere  with  the  accuracy  of  the  obser- 
vation.    (4.)  Thus  obtain  ^\,  by  means  of  which  you  may 

graphically  or  otherwise  compare  the  forces  exerted  on 
the  needle  at  various  positions  of  the  magnet. 

Now  Coulomb  supposed  that  the  perpendicular  com- 
ponent due  to  any  small  length  of  the  magnet  was  repre- 
sented by  the  force  exerted  on  the  small  needle.  But 
it  is  clear  that  the  force  which  acts  upon  the  needle  will 
be  not  merely  that  due  to  that  small  length  of  the  magnet 
which  is  nearly  perpendicular  to  the  needle,  but  will  like- 
wise embrace  the  resolved  portions  of  the  forces  exerted  by 
those  magnetic  regions  to  the  right  and  to  the  left.  Also 
the  resolved  portions  to   the   right  will,  unless  we  are 
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observing  the  central  point  of  the  magnet,  be  different 
from  those  to  the  left.  On  the  whole  therefore,  our  ob- 
servations will  not  accurately  represent  the  force  exerted 
by  the  various  points  of  the  magnet  unless  the  needle  bo 
infinitely  small  and  infinitely  near  the  magnet.  Inasmuch, 
however,  as  the  perpendicular  component  of  the  force  from 
any  neighbouring  region  of  the  magnet  rapidly  decreases 
both  on  account  of  the  distance  (its  value  var3dng  inversely 
as  the  square  of  the  distance)  and  also  on  account  of  the 
obliquity,  it  seems  probable  that  the  observation  will  give 
us  a  fair  approximation  towards  the  truth,  provided  we  are 
not  too  near  the  end  of  the  magnet. 

Biot,  by  comparing  a  magnet  to  a  Volta's  pile,  has 
arrived  at  the  formula — 

where  /x  and  A  are  constants,  21  is  the  length  of  the  mag- 
net, X  is  the  distance  of  any  point  of  the  magnet  from  the 
end,  while  y  is  the  intensity  of  free  magnetism  at  the 
point  x.^ 

Let  us  now  apply  this  formula  first  to  a  set  of  observa- 
tions taken  by  Coulomb,  and  secondly  to  a  set  made  in  the 
Owens  College  laboratory. 

I.  In  Coulomb's  experiment,  when 

x=l       y=90y 
a;=4*5      y=  9, 

and  the  length  of  the  magnet  being  27,  it  followed  that 

90  =  A(/A-/Lt26) (1) 

9  =  A(/a4-6-;u22-5)  ....       (2) 

By  trial  of  different  values  of  /a  it  is  found  that  /*  is  nearly 

equal  to  ^,  hence  fjp^  and  fi^^'^  may  be  neglected,  (1)  and 

(2)  then  become 

90=A/t, 
and  9=AAt4^ 


^  From  Biot's  Traite  de  Physiqite  Expirimcntale  et  Mathimatique, 
vol.  iii. 
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From  this  we  obtain  ft  =  -5179  ;  also  A=  173-76. 

Applying  these  values  of  fh  and  A,  the  following  results 
were  obtained  by  Biot  from  Coulomb's  observations : — 


Distance. 

Intensity  of  free  Magnetism. 

Difference. 
Calculated  -  observed. 

Calculated. 

Observed. 

0 

1 

2 

3 

4-5 

6 

173-76 
90 

46-62 

24-14 

9-00 

3-35 

165 
90 
48 
23 

9-00 

6 

+  8-76 
0-0 

-1-38 

+  1-14 
0  0 

-2-65 

II.  (The  Owens  College  physical  laboratory.) 


For  earth  alone  t=\  -1075 
■J=   -815 


Distance. 

h 

(Mean  time  of 

Vibration.) 

h  \ 

1        1 
(Observed) 

a(m'-m'^-*) 

(Calculated) 

Difference. 

Calculated  - 

observed. 

0 

sec. 
•29708 

11^331 

10-516 

17-99 

+  7-474 

1 

•27750 

12^986 

12-171 

16-82 

+  4-649 

2 

•26708 

14-019 

13^204 

15-73 

+  2-526 

3 

•25750 

16^0815 

14-266 

14-705 

+  0-439 

4 

•26416 

14-331 

13^516 

13-748 

+  0-232 

5 

•27041 

13-676 

12-861 

12-854 

-0-007 

6 

•27562 

13^164 

12-349 

12-019 

-0-330 

7 

•27375 

13^344 

12-529 

11-238 

-1-291 

8 

•28791 

12-064 

11-249 

10-507 

-0-742 

9 

•29750 

11^298 

10-483 

9-824 

-0-659 

10 

•30500 

10^750 

9-936 

9-186 

-0-749 

11 

•31562 

10^0385 

9-223 

8-588 

-0-635 

12 

•32625 

9-395 

8-580 

8-030 

-0-450 

13 

•33375 

8-9775 

8-163 

7-508 

-  a-555 

14 

•35000 

8-163 

7^348 

7-020 

-0-328 

16 

•37500 

7^111 

6-296 

6-563 

+  0-267 

A  = 

=  17^99,  M= 

-935,  1=1 

'3  cm. 
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It  will  be  noticed  that  in  both  of  these  experiments 
there  is  a  considerable  difference  between  theory  and 
observation  near  the  end  of  the  magnet. 


Lesson  XIII. — The  Test-Nail  Method. 

23.  Exercise. — To  find  the  distribution  of  force  along  a 
short  bar  magnet 

Ajpparatus, — ^A  spring  balance  in  one  of  its  modifications 
Fig.  21  shows  one  suited  for  the  purpose.  Here  ss'  is  a 
spiral  spring,  having  a  silk  cord  attached  to  its  upper  end. 
The  silk  passes  round  a  pulley  mounted  so  as  to  rotate 
stiffly  in  a  collar.  At  the  end  of  the  spiral  spring  is  a 
small  piece  of  soft  iron.  When  the  soft  iron  rests  upon  a 
magnet  the  force  of  attraction  is  measured  by  the  amount 
of  turning  that  must  be  given  to  the  milled  head  m  in 
order  to  detach  the  soft  iron.  This  is  indicated  by  means 
of  the  graduated  disc  d  and  the  fixed  index  i.  To  ensure 
that  the  pull  from  the  magnet  is  vertical  the  spiral  spring 
works  within  the  glass  guard  tube  g.  The  apparatus  is 
supported  from  an  arm  which  may  be  raised  or  lowered  at 
pleasure. 

Theory. — If  S  denotes  the  strength  of  the  magnet  at 
any  point,  then  the  magnetism  induced  in  the  soft  iron  will 
be  proportional  to  S,  or  equal,  let  us  say,  to  KS,  and 
hence  the  force  necessary  to  detach  the  magnet  must  be 
proportional  to  S^,  or 

F  =  constant  x  S-, 
or  S  =  constantVF, 

that  is  to  say,  the  strength  at  any  point  is  proportional  to 
the  square  root  of  the  force  required  to  detach  the  soft 
iron.  The  method  is  open  to  the  objection  that  the  amount 
of  magnetism  induced  depends  upon  tlie  coefficient  of  in- 
duced magnetism  which  may  not,  however,  be  strictly  con- 
stant, but  may  vary  to  some  extent  with  S.     Again,  the 
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preeeace  of  the  soft  iron  is  liable  to  cause  a  change  oi'm 
distribution  of  magnetism  in  the  neighbourhood  where  ieJ 
is  placed. 


Method. — Obtain  the  zero  point  of  the  balance  by  sub- 
stituting for  the  magnet  a  piece  of  wood  of  the  same  size, 
turning  the  milled  head  until  the  soft  iron  juBt  touches  the 
wood.     Now  place  the  mugnet  in  position  and  ascertain 
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the  number  of  divisions  through  which  the  milled  head 
must  be  turned  until  the  soft  iron  leaves  the  magnet.  The 
milled  head  must  be  turned  slowly  without  any  jerks,  and 
a  number  of  observations  must  be  taken  at  each  place, 
especially  near  the  ends  of  the  magnet,  where  such  observa- 
tions are  most  likely  to  vary. 

Example, — Magnet  divided  into  174  equal  parts. 


Distance  from 

\j¥. 

middle  of 

F. 

v^. 

Magnet =D. 

D 

13 

9 

3-0 

•23 

23 

21 

4-58 

•20 

33 

39-5 

6-28 

•19 

43 

70 

8*37 

•19 

53 

125 

11-18 

•21 

63 

183 

13*52 

•21 

73 

308 

17-65 

•24 

These  results  agree  only  approximately  with  Coulomb's 
conclusion  that  for  short  magnets,  that  is  to  say,  for  magnets 
whose  length  is  less  than  fifty  times  their  diameter,  the 
magnetic  strength  (between  the  end  and  the  centre)  is 
directly  proportional  to  the  distance  from  the  centre.     If 

this  had  been  quite  true  the  value  of  ^  should  have  been 
a  constant  quantity. 


/ 


CHAPTER  III. 


24.  Wb  shall  in  this  chapter,  by  a  series  of  elementary 
experiments,  introduce  the  student  to  the  subject  of  voltaic 
electricity,  and  describe  apparatus  of  simple  construction 
which  will  be  UBed  in  making  electrical  meaanrementa. 


Lesson  XIV. — Fundamental  Bxperimente. 

25.  Apparatus. — Two  pint  Bunsen'B  cells  placed  in  a  box 
arranged  as  shown  in  plan  in  Fig.  22.     Each  cell  consists  of 


a  cylindrical  glazed  stoneware  jar  P,  about  10  cm.  in  diam- 
eter and  15  cm.  high.  In  this  jar  there  is  placed  a  cylinder 
of  zinc  Zn,  made  from  a  plate  of  zinc  1 4  cm.  by  20  cm. 
that  has  been  heated  and  then  bent  round  until  its  edges 
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nearly  meet.  Within  the  zinc  cylinder  there  is  placed  a 
porous  pot^  14  cm.  high  and  5  cm.  in  diameter  made  of  un- 
glazed  earthenware.  This  porous  pot  contains  a  rod  of  pre- 
pared carbon  C  16*5  cm.  in  height  and  3*5  cm.  by  1*75  cm. 
in  cross-section.  The  zinc  and  carbon  have  attached  to 
them  screw  damps  a  and  I,  The  box  for  containing  the 
battery  is  covered  inside  with  pitch  in  order  to  prevent 
the  fumes  of  the  acid  from  acting  upon  the  wood,  and  is 
provided  with  four  binding  screws  numbered  1,  2,  3,  4, 
each  of  which  has  attached  to  it,  inside  the  box,  a  thick 
copper  wire  covered  with  gutta-percha  for  makmg  connec- 
tions with  the  clamps. 

The  following  additional  apparatus  and  materials 
should  be  at  the  disposal  of  the  student : — 

Measuring  vessels.  Nitric  acid. 

Glass  funnel.  Mercury. 

Glass  tubing.  Caustic  soda. 

Stoneware  jug  with  a  spout.  File. 

No.  18  insulated  copper  wire.  Emery  paper. 

No.  20  cotton-covered  copper  wire.  Stiff  nail  brush . 

No.  30  pure  iron  wire.^  3  Carbon  rods,  6  to  12  in. 

No.  30  copper  wii'e.  long,  about  2  in.  thick. 

Sulphuric  acid.  India-rubber  finger  stalls. 

Fitting  wp  of  the  Battery. — ^This  must  be  done  in  a  draught 
cupboard  or  in  the  open  air  to  prevent  the  fumes  of  the 
acid  from  affecting  the  operator. 

Begin  by  removing  all  the  clamps  and  clean  the  con- 
necting surfaces  and  screws  by  means  of  a  file  and  emery 
paper. 

Proceed  next  to  the  making  of  mixtures  and  to  the 
amalgamation  of  the  zinc.  Into  one  of  the  earthenware 
battery  jars  put  a  solution  of  caustic  soda  and  water  (1  of 
soda  to  20  parts  of  water  by  weight),  and  into  the  other 
some  sulphuric  acid  diluted  with  water  (1  of  acid  to  12  of 
water  by  weight).  In  making  this  last  mixture  in  the  jug 
pour  the  wsiteT  first  into  the  jug,  then  gradually  pour  upon 

^  This  should  be  kept  in  a  bottle  with  quicklime. 
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it  the  acid,  stiiriiig  meanwhile  with  a  glass  rod.  If  the  I 
acid  be  put  in  first  and  the  water  be  added  to  it  sufficient  I 
heat  might  be  produced  by  the  chemical  union  to  crack  4 
the  jar.  Since  al!  the  Bulpbnric  acid  of  commerce  contains  1 
lead  sulphate  which  is  precipitated  on  dilution  with  water,  • 
the  acid  mixture  will  appear  milky  when  first  made, 
the  presence  of  lead  ia  very  injurious  to  the  working  of  the  1 
battery  it  will  be  desirable  to  allow  the  mixture  to  settle  I 
and  then  decant  off  the  clear  liquid.  A  quantity  of  the  l 
mixture  should  thus  be  prepared  and  labelled  "  Battery  \ 
salphurie  acid." 

The  process  of  amalgamation  is  as  follows : — 

First.  Dip  the  zinc  into  the  solution  of  caustic  soda  in  I 
order  to  remove  grease,  and  then  wash  it  under  a  water-tap.  i 

Secondly.  Place  the  zinc  iu  the  dilute ,  sulphuric  acid  I 
until  effervescence  has  commenced,  then  lift  it  out  and  lay  I 
it  down  in  a  flat  dish. 

Thirdly.  Pour  mercury  that  is  free  from  lead  and  other  J 
injurious  metals  in  a  thin  stream  upon  the  inside  of  the  I 
cylinder,  and  also  on  the  outside.  Eoli  the  cylinder  about  ] 
until  nearly  the  whole  surface  of  the  zinc  has  a  bright  j 
appearance. 

Fourthly.  Replace  the  zinc  in  the  acid,  and  rub  the  sur-  I 
face  with  a  stiff  brush  or  with  a  rag,  the  fingers  being  pro-  [ 
tected  in  the  operation  by  finger  stalls.  The  whole  of  the  I 
zinc  should  be  now  well  amalgamated.  Remove  it  from  | 
tlie  acid,  wash  it  well  with  water,  and  allow  it  to  drain. 

l/isllij.  Collect  any  waste  mercury  and  place   it  in 
bottle  labelled  "  ATaalgamatiim  mixture." 

Keep  also  the  soda  solution  in  a  bottle  appropriately  1 
labelled.  I 

The  process  of  amalgantation  tends  to  make  the  zinc  I 
brittle  and  rotten  if  too  much  mercury  be  used.  Napier  [ 
{EUctro-MeialhiTffij)  allows  1  J  ounce  of  mercury  for  every  I 
effective  square  foot  of  zinc  in  the  first  operation,  and  half  | 
that  weight  for  the  second  and  all  subsequent  operations. 
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We  find  that  1  gramme  of  mercury  will  thoroughly  amalga- 
mate 100  square  cm.  of  ziiic  surface.  Three  times  this 
quantity  of  mercury  may  be  used  in  the  actual  process,  of 
which  two-thirds  will  be  recovered  hy  draining  off. 

Examination,  aitd  Prqiaration  of  the  Foroiis  Pots. — The 
porous  pots  being  thoroughly  clean  and  dry,  subject  them 
to  the  following  test:  Pour  water  into  each  pot,  taking 
care  not  to  wet  the  outside,  and  note  the  time  by  a,  watch. 
Then  observe  when  first  an  indication  of  moisture  appears 
on  the  outside  surface  of  the  pot,  and  again  note  the  time. 
If  the  moisture  appears  immediately  the  pot  is  cracked, 
and  should  be  rejected.  A  good  pot,  if  made  of  red  clay, 
should  become  moist  all  over  lu  about  two  minutes ;  if  made 
of  white  clay,  in  about  double  the  time.^  For  low  resistr 
ance  cells  the  red-clay  pots  are  to  be  "preferred,  hut  they 
possess  the  serious  defect  of  being  liable  to  disintegration, 
a  fault  possessed  in  a  much  less  degree  by  the  white  pots. 

Molt  some  paraffin  wax,  and  plunge  the  open  end  of  the 
porous  pot  vertically  into  the  wax  until  tliia  has  soaked 
into  it  through  a  distance  of  about  a  quarter  of  an  inch  from 
the  open  end. 

This  will  prevent  the  acide  from  creeping  up  the  sides, 
and  will  likewise  prove  especially  useful  in  preventing  the 
sulphate  of  zinc  formed  when  the  im-ttery  is  iii  action  from 
becoming  concentrated  along  the  rim  of  the  jar,  and  there 
crystallising,  with  the  effect  of  disintegrating  the  porous 
material. 

It  is  an  excellent  plan  to  put  a  flat  uidia-rubber  band 
round  the  top  of  the  jar.  This  serves  to  protect  the 
paraffin  and  to  insulate  the  pot  from  the  clamp  at  the  top 
of  the  zinc,  besides  enabling  the  experimenter  to  handle  the 
pot  without  staining  his  fingers  with  nitric  acid. 

Charging  the  Battery. — Fix  the  clamps  upon  the  carbon 
and  the  zinc,  and  bring  the  pails  of  the  battery  together. 
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Now  pour  atrong  nitric  acid  through  a  funnel  into  thai 
porous  pot  to  within  about  an  inch  of  the  top.  Next  fill  I 
up  the  outer  pot  with  battery  sulphuric  acid  to  a  level  oiout  J 
an  inch  higlier  thun  that  of  the  acid  in  the  inner  pot,  thsil 
reason  for  this  ditference  of  level  beiug  that  the  action  ofv 
difFusion  tends  to  empty  the  outer  pot.  Connect  the  zincfl 
of  one  ceU  to  the  wire  attached  to  the  binding-screw  No.  IjT 
its  carbon  to  that  of  No.  2,  the  zinc  of  the  other  cell  to  | 
that  of  No.  3,  and  its  carbon  to  the  remaining  screw. 

Finally,  tighten  oil  the  clamps,  and  then  close  and  fasten  I 
the  box,  which  may  now  be  brought  into  the  laboratory. 

Necessary  Precautions  with  the  Ballery. — The  student  I 
must  once  for  all  be  warned  that  nitric  acid  batteries  may  I 
bo  the  source  of  considerable  danger  to  delicate  instrumentB.  I 
Hence  it  is  better  that  they  should  not  be  brought  into  tha.l 
laboratory,  being  only  used  in  a  draught  cupboard  orJ 
placed  outside  a  window.  Since,  however,  this  arrangement  ■ 
is  not  always  convenient,  we  may  employ  a  tightly-fittin|f|l 
box,  such  as  we  have  described,  provided  Viis  box  be  nrffl 
cpmed  in  the  laloraiorij}  The  battery  should  be  placed! 
under  the  experimenter's  table  or  bench  in  a  position  J 
where  it  is  not  liable  to  be  overturned. 

Preliminary  Connections. — Connect  together  binding  ^ 
screws  Nos.  2  and  3  by  means  of  a  short  piece  of  wire,  and 
attach  main  or  leading  wires  to  Noa.  1  and  4.  For  this  pur- 
pose No.  1 8  gutta-percha-covered  copper  wire  will  be  f oun(l 
useful.  The  bared  brightened  ends  of  the  wire  are  to  be  put 
round  the  binding-screws,  or  better  still,  we  may  employ  a 
plate  of  copper  (Fig.  23)  provided  with  forked  ends.  This 
plan  gives  a  better  contact,  and  is  therefore  much  to  be 
preferred.      Pig.  24  exhibits  the  manner  in  which  the 

'  As  on  ailiiitional  precaution  it  is  BDmetimoa  adviaabla  to  jilaca  a 
wide  tiiouthud  bottle  coutainiuK  lumps  of  carbouate  of  amniDDia  in  ths 
boE  with  tho  battery,  whtcli  will  sarvo  tbe  purpose  of  uDUtraliaiue  tlis   . 
acid  funies.     This,  howt-'Vcr,  lumnot  be  recommended  as  a  rale,  for  it.J 
basic  compound  of  copper  will  iu  this  c^nae  fomi  on  the  rJamps,  t«DdiDg-S 
to  destroy  tiieir  good  coalaot. 
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battery  is  usually  connected.  Here  the  thin  vertical  lines 
represent  the  carbons,  the  short  thick  wires  the  zincs,  and 
the  battery  is  said  to  be  in  series.  In  the  diagram  there 
are  three  cells,  supposed  to  be  connected  together  by  wires 
going  from  the  carbon  of  one  cell  to  the  zinc  of  the  next, 
and  so  on.  The  end  of  the  wire  connected  with  the  outer 
zinc  is  called  the  negative  pole  (written  - ),  and  that  con- 
nected with  the  outer  carbon  is  called  the  positive  pole 
(written  + ).  When  these  poles  are  connected  together 
there  will  be  a  flow  of  electricity  from  the  +  to  the  -  pole. 


Pig.  23. 
Method  op  Connection  with  Binding  Screws. 


Fig.  24. 
Scheme  of  Battery. 


The  battery  now   described   should   be  used  for   the 
following  groups  of  experiments  :— 

Group  I. — (a)  Bring  the  free  ends  of  the  leading  wires 
^  together  and  then  separate  them ;  a  spark  will  be 

produced. 

(b)  Attach  a  file  to  one  leading  wire  and  rub  the  other 
pole  along  it ;  the  sparks  will  now  be  more  brilliant. 

(c)  Attach  a  small  piece  of  carbon  rod  to  each  leading 

wire,  bring  the  carbons  together  and  separate  them, 
when  a  bright  light  will  be  produced.  Observe 
that  the  carbon  rods  get  very  hot. 

(d)  Twist  a  piece  of  thin  iron  wire  round  one  pole  and 
then  touch  the  free  end  of  the  iron  wire  with  the 
other  terminal  of  the  battery ;  it  will  be  found  that 
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several  inches  of  the  wire  may  thus  be  kept  at  a 

red  heat,  and  if  of  short  length  it  may  even  be  fuaed. 

(e)  Use  fine  copper  wire  of  the  same  diameter  instead 

of  the  iron,  and  notice  that  it  cannot  be  heatc 


Group  II. — -AdditiMal  Apparoius. — Pohl's  commutator 
or  inatruraent  for  changing  the  direction  of  the  current 
(Fig.  25) ;  a  magnet  suspended  from  a  stand ;  a  wire  one 
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mfetre  long  stretched  between  the  uprights  (Fig.  26)  and 
mounted   on  a  board.     With  the  aid  of  the  s 
magnet  set  the  wire  in  the  magnetic  meridian.     Connect    j 
the  ends  of  the  wire  with  the  commutator. 

Muke  connections  such  as  aa-e  exhibited  in  Fi 
wliich  the  commutator  is  denoted  by  the  cross, 
out  these  and  ascertain  the  position  of  the  commutator  1 
switch  that  corresponds  to  a  current  from  north  to  Bouth   i 
along  the  wire.     Call  this  Position  I.,  and  that  which  gives 
a  current  in  tlie  opposite  direction  Position  II.     Now  break 
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the  current,  and  then  suspend  by  means  of  a  fibre  over  or 
under  the  wire  a  short  magnetic  needle.  The  fibre  should 
be  attached  to  a  stand  so  arranged  that  by  means  of  a  tele- 
scopic joint  or  otherwise  the  magnet  can  be  easily  raised 
or  lowered.  When  the  magnet  is  at  rest  turn  the  com- 
mutator into  Position  I.  and  note  the  direction  in  which 
the  magnet  is  deflected.  Then  turn  the  commutator  into 
Position  II.  and  again  note  the  direction  of  the  deflection 


which  is  produced, 
following  table : — 


Fig.  26.— Experiment  of  AmpI:re. 

Proceed  in  this  manner  to  verify  the 


Position  of  Magnet. 


Above  wire     . 
Below  wire    . 
Level  of  wire  east  side 
west  side 


Wire  Horizontal. 

Position  of  Commutator. 

I. 
North  end  deflected  to  west. 
i»  >i  east. 


)} 


Above  wire     . 
Below  -wire     . 
Level  of  wire  east  side  . 
west  side 


)} 


South  end  dips. 
North  end    „ 

II. 

North  end  deflected  to  east. 

t )  )  ^  WeSTi. 

North  end  dips. 
South       „ 


Wire  Vertical. 

Position  of  Commutator. 
I.  Current  up  the  Wire. 
North  pole  against  the  wire  .  North  end  deflected  to  east. 


Position  of  Magnet. 


South  pole 

North  pole 
South  pole 


}i 


»» 


)• 


South  end 


>> 


II.  Current  down  the  Wire. 

North  end  deflected  to  west. 
South  end  „ 
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Now  teat  your  results  against  the  following  jiiemona  tech-  I 
nica.  Imagine  a  mau  to  bo  swimming  agaiuat  the  current,  I 
which  we  may  auppoae  to  enler  in  at  liia  Mtd  and  leave  at  ] 
his  feet,  his  face  being  turned  towards  the  needle.  Under  I 
these  circumstances  the  north-seddng  pole  of  the  needle  will  J 
be  deflected  towards  his  -nfikl  hand. 

GroupIII. — -Apparaiiis. — Glass  tubing  ^-inch  in  diameter, 
corks,  Boft-iron  nails,  iron  filings.    Experiments. — (n.)  1 
Take  a  piece  of  the  glass  tnbing  about  3J  inches  | 
long,  bore  J-inch  holes  in  two  corks  each  about  IJ 
inch  in  diameter.     Into  these  holes  the  ends  of  the 
tubing  have  to  be  fitted  to  form  reela.^    Now  n 
a  small  hole  through  one  of  tho  corks  near  the  ii: 

edge,  and  inserting  tlirough  it  the 
endof  soraeNo.  20  cotton-covered 
ivire,  proceed  to  wind  tliis  on  the 
tube  in  the  direction  opposite  to 
that  of  the  hands  of  a  watch, 
looking  at  the  reel  from  above. 
About  6  inches  of  the  wire  should 
be  jjassed  through  the  hole  before 
Ijoginning  to  wind  (see  A,  Fig. 
27).  Continue  winding  until  four 
MBTHOD  or  w^^o'iNo  Helu>.  •■■^yers  of  wire  are  wrapped  round 
the  tube,  and  then  bring  the  other 
end  of  the  wire  through  a  second  hole  in  the  cork 
{B,  Fig.  27).  Connect  the  ends  of  the  wire  with 
tlio  battery.  Tlie  helix  will  be  found  to  behave  as  a 
magnet,  and  its  polarity  must  be  examined  by  moans 
of  the  raagnetoscope.  Reverse  the  current  and  again 
examine  the  helix,  which  wDl  now  be  found  to  , 
liave  its  polarity  reversed. 
(b)  Make  a  second  helix,  but  wound  in  a  direction  the   j 

ji  be  uacil  instead,  aa  shouii  iu  Ilio  ligurc  (sei 
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contrary  to  that  of  the  Lands  of  a,  watch,  and  then 
repeat  the  preceding  experimentB.  The  direction  of 
magnetisation  or  polarity  of  this  Eccond  helix  will 
ho  found  to  be  the  opposite  of  that  of  the  first. 

(c)  Notiue  that  soft  iron  wires  are  readily  drawn  into 
the  helices  when  the  current  is  pupsing,  Notice 
also  that  when  the  central  hollow  of  the  helix  is 
filled  up  with  such  wires  the  magnetic  power  iB 
greatly  increased,  the  polarity  being  tlie  eame  as 
that  of  the  helix  without  the  iron  wires.  See  also  if 
your  resulta  conform  with  the  following  rule  ;  Look 
upon  the  helix  from  that  end  which  makes  the  posi- 
tive current  appear  to  circulate  in  the  direction  of  the 
hands  of  a  watch.  This  end  will  be  the  S.  pole  and  the 
other  the  N.  pole  of  the  helix.  Hence  if  the  helix 
could  be  swung  freely  it  would  point  magnetic  north 
and  south,  and  the  positive  current  would  at  the  N. 
pole  ascend  on  the  west  side  and  descend  on  the  east. 

{d)  Place  the  helix  conveying  the  current  vertical,  with 
a  piece  of  cardboard  across  its  end.  Scatter  filings 
over  it,  and  obtain  magnetic  curves  with  and  with- 
out a  fioft^iron  core. 

Group  IV. — Dip  the  two  ends  of  the  battery  wires  into 
a  small  beaker  containing  dilute  sulphuric  acid,  and  leave 
them  there  several  minutes,  the  terminals  not  being  in  con- 
tact with  each  other.  It  will  be  noticed  that  one  terminal 
becomes  covered  with  bubbles,  which  collect  and  escape  to 
the  surface,  and  that  this  is  the  one  connected  with  the 
negative  pole.  The  other  terminal  meaiiwliile  becomes 
ler  and  brighter,  as  if  the  acid  were  dissolving  it. 
That  this  is  really  the  case  will  be  seen  by  the  liquid  be- 
coming blue,  owing  to  the  fonuation  of  copper  sulphate. 
If  the  action  be  continued  sufficiently  long  the  negative 
terminal  will  become  covered  vrith  a  brown  deposit,  which 
on  examination  ivill  prove  to  be  pure  copper. 
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The  general  explanation  of  these  appearanceB  is  as 
follows :  The  current  decomposes  the  liquid  in  which  the 
terminals  are  placed,  that  is  to  say,  it  decomposes  the 
molecule  of  water  associated  with  sulphuric  acid,  the  cop- 
per terminal  connected  with  the  positive  pole  taking  the 
oxygen  and  sulphur,  and  producing  sulphate  of  copper, 
while  at  the  negative  terminal  the  free  hydrogen,  which 
forms  the  remainiog  portion  of  the  decomposed  molecule,  1 
is  allowed  to  escape.  ] 

When,  however,  besides  free  acid  there  is  a  sensihle 
quantity  of  sulphate  of  copper  dissolved  in  the  liquid,  the 
liydrogen  at  the  negative  pole,  while  yet  nascent,  that  is 
to  say,  while  in  the  act  of  assuming  the  gaseous  state,  in- 
stead of  doing  so,  seizes  upon  the  oxygen  of  the  sulphate 
of  copper  molecule,  thus  displacing  the  copper  which  is 
deposited  upon  the  negative  terminal 

^  We  shall  see  afterwards  what  advantage  is  taken  of  this 

^L  action  in  plating  operationa 


_        Grmip  V. — Proceed  now  to  fit  up  a  Volta- 
meter, or  instrument  for  decomposing  water 
and  collecting  the  products,  as  follows : — 
(ft)  Cut  off  the  shank  of  a  i-inch  glass  funnel 

to  within  half  an  inch  from  the  top. 
('')  Procure  a.  piece  of  platinum  foil,  ABCD, 
of  the  size  represented  in  Fig.  28,  place 
it  upon  au  iron  plate,  and  direct  the 
blowpipe  flame  upon  it.  Whilst  the  plat- 
inum foil  is  at  a  bright  red  heat  lay 
upon  one  end  of  it  a  short  piece  of 
[^'  platinum  wire,  EF,  and  then  by  means 

of  a  few  smart  taps  with  a  hammer  weld 
the  wire  to  the  foil.  Wind  the  end  F  of  the 
platinum  wire  round  one  end  of  a  piece  of  No.  20 
copper  wire  about  6  inches  long,  sprinkle  a  little 
reain  on  the  joint,  and  proceed  to  solder  it  by 
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means  of  a  small  soldering  iron  (see  Appendix). 
The  electrode  will  now  be  finished.  Next  make  a 
second  one  of  the  same  size. 

(c)  Fit  a  cork  into  the  end  of  the  funnel,  and,  piercing 
it  with  two  holes  by  means  of  a  knitting  needle, 
pass  the  copper  wires  through  these  so  that  the 
platinum  electrodes  may  be  inside  the  funnel. 
Well  warm  the  funnel  all  round,  melt  some 
paraffin  wax  and  pour  it  in  so  as  to  fix  the  elec- 
trodes in  position  and  cover  the  copper  wire.  The 
voltameter,  which  will  be  similar  to  that  exhibited 
in  Lesson  XLVI.,  is  now  complete. 

{d)  Procure  two  test  tubes  of  exactly  the  same  size. 
Place  the  voltameter  on  a  retort  stand  and  pour 
into  it  some  dilute  sulphuric  acid  (say  1  part  of 
acid  to  50  of  water).  Fill  the  test  tubes  likewise 
with  dilute  acid  and  invert  them  over  the  plat- 
inum electrodes.  Finally  connect  the  terminals  to 
the  battery  by  means  of  damp  screws  (see  Appen- 
dix). The  acidulated  water  will  now  begin  to  be 
decomposed,  and  the  student  will  note  the  follow- 
ing particulars : — 

(1)  Gases  are  evolved  from  both  electrodes. 

(2)  The  gas   in   the  tube  connected  with  the 

negative  electrode  accumulates  twice  as 
rapidly  as  that  connected  with  the  positive. 

(3)  The  gases  respond  to  the  tests  for  hydrogen 

and  oxygen,  the  relative  volumes  being 
those  in  which  these  gases  combine  to 
form  water. 

(4)  By  collecting  both  gases  in  one  tube  an  ex- 

plosive mixture  is  obtained. 

Here  again  we  have  evidence  of  the  decomposing  power 
of  the  electric  current,  and  the  student  will  observe  how 
peculiar  must  be  that  action  which  gives  us  all  the  hydro- 
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gen  at  the  one  terminiil  and  all  the  oxygen  at  the  otherJ 
We  may  perhaps  represent  to  onrselves  what  takes  pla 
by  means  of  the  following  hypothesis,  due  to  GrotthuSB^ 
First  of  all  we  may  regard  oxygen  aa  an  electro-negatirt 
element  and  hydrogen  as  electro- positive.      Under  these 
circumatancea  the  oxygen  ends  of  the  various  molecalaij 
will  all  point  to  the  positive  terminal,  to  which  they  'v 
be  attracted,  while,  on  the  other  hand,  the  hydrogen  e 
will  all  point  to  the  negative  terminal,  to  which  they  wiltfl 
be  attracted. 

Now  if  the  electric  condition  of  these  terminal 
strongly  enongh  developed,  the  positive  terminal  will  aW 
tract  the  oxygon  particle  next  it,  and  the  negative  ter*i 
minal  the  hydrogen  particles  next  it,  and  these  will  bei 
given  off  at  the  respective  terminala  This  ia  the  firata 
operation. 

The  next  will  be  a  change  of  partnera.     The  hydrogeni 
of  the  moleoule  next  the  positive  electrode  having  bat  itafl 
partner,  will  attach  itaelf  to  the  oxygen  of  the  molecule  nextfl 
hut  one  to  the  electrode,  the  hydrogen  of  this  to  the  oxy- 
gen of  the  molecule  next   but  two,  and  bo  on  until  the 
whole  line  are  once  more  properly  paired.     This  ia  the 
aecond  operation. 

They  are  not,  however,  yet  facing  the  proper  electrodee, 
for  the  hydrogen  will  be  facing  the  positive  and  the  oxy- 
gen the  negative.  Thoy  will  therefore  have  all  to  turn 
round  about  their  centres  through  180°.  This  ia  the 
third  and  final  operation.  After  this  the  aame  round  of 
operations  ia  repeated. 

Disfharging  tlie  Batterij. — When  we  have  done  with  the 
battery  it  must  be  cairied  to  the  draught  cupboard  and 
there  discharged.  Bemove  the  clamps,  wash  and  dry  them. 
Pour  the  nitric  acid  into  a  bottle  labelled  "  Old  nilric  arul 
for  balteries ;"  this  may  be  uaed  again,  unless  it  be  of  a 
green  colour.  Thoroughly  wash  the  porous  pots  and  leave 
them  to  soak  in  water.     Notice  if  any  black  spots  ap|>ear 
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on  the  zincs,  and  if  so  reamalgamate  such  places  j  then 
■wash  the  zincs  and  leave  them  likewise  to  soak  in  water. 
By  soaking  the  porous  pots  and  tbe  zincs  the  zinc  sulphate 
will  be  removed,  which  would  otherwise  tend  to  block  up 
the  pores  of  the  pots  and  thus  disintegrate  them,  and  would 
likewise  crystallise  on  the  surface  of  the  zincs.  The  sul- 
phuric acid  should  be  thrown  away,  for  it  is  sure  to  con- 
tain nitric  acid,  which  is  very  injurious  to  zina 

26,  The  process  of  cheroical  decompositioa  effected  by 
the  electric  current  is  called  electrolysia.  The  experi- 
ments of  Groups  IV.  and  V.  of  the  previous  lesson  are 
examples  of  electrolysis.  A  very  important  part  of  electro- 
lysis relates  to  the  deposition  of  metals,  hence  the  next 
lesson  will  he  devoted  to  the  typical  example  of  copper 
deposition. 


[  Lebson  XV. — The  Daniell'B  Cell  and  Copper  Plating. 

27.  Appmaiits. — A  Darnell's  cell  of  the  kind  exhibited 

I  in  Fig.  29,  which  forms  a  convenient  arrangement.      It 

sists  of  a  glazed  earthenware  pot  or  outer  -vessel  P, 

I  which  is  13  cm.  high  by  9  cm,  in  diameter.     In  it  stands 

a  cylinder  of  zinc  Zn,  provided  with  three  tags  or  tongues, 

a,  h,  c,  and  of  these  the  last  has  a  binding  screw  attached 

to  it     These  tags  are  formed  by  cutting  away  portions  from 

I  the  original  sheet  of  zinc  that  has  been  employed  to  form 

]  the  cylinder.     The  height  of  the  cylinder  is  10  cm.,  and 

t  its  diameter  8  cm.,  so  that  when  placed  in  the  earthenware 

pot  the  zinc  is  supported  by  its  tags,  and  the  bottom  of  the 

zinc  is  more  than   3   cm.   from    the   bottom  of  the   pot. 

"Within  the  zinc  cylinder  there  is  a  porous  pot  p,  13  cm.  high 

and  5  cm.  in  diameter,  and  this  contains   a  cylinder  of 

copper  Cm,  provided  with  a  single  tag,  to  which  a  binding 

1  screw  ia  soldered.     The  porous  pot  has  its  mouth  coated 

I  'With  paraffin  after  the  manner  already  described  (Art,  25). 
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A  small  flask/,  containing  crystals  of  copper  sulphate 
about  the  size  of  a  small  nut,  is  placed  mouth  downwt 
in  the  copper  cylinder.     At  the  bottom  of  the  outer 
a  few  pieces  of  scrap 

The  other  materials 
required  are  as  follows ; 
Crystals  of  zinc  sulphate-, 
and  of  copper  sulpbatSj' 
some  telegraphic  bind- 
uig  screws  (see  Appen- 
dix); india-rubber  cork, 
|-inch   diameter,    with 
two  holes ;  some  plates 
of  copper  'OS  inch  thick: 
a   graduated    measure 
sulphuric    acid, 
soda,  nitric  acid 
wire,   No.  28;   a  gh 
rod,  a  beaker,  a  Bun- 
sen's  burner,  and  sundry 
materials  for  making  solutions. 

ChaTffing  the  Battery. — Place  a  saturated  solution 
sulphate  of  copper  in  the  parous  pot.  Into  the  ilaak  already 
mentioned  put  crystals  of  sulphate  of  copper  of  about  the 
size  of  smaU  nuts,  and  fill  it  up  with  a,  saturated  solution 
of  this  material,  then  invert  it,  and  let  it  stand  thus  in  the 
porous  pot.  The  flask  will  now  act  as  a  supply  reservoir  to 
keep  up  the  strength  of  the  copper  sulphate  solution.  Into 
the  outer  pot  pour  water  in  which  some  zinc  sulphate  has 
been  dissolved  (1  part  of  zinc  sulphate  by  weight  to  about 
20  parts  of  wat«r).  The  batterj'  will  now  be  ready  for 
use.  Next  connect  the  zinc  and  the  coppter  by  means  of 
a  short  wire  and  leave  the  cell  thus  for  some  time  with 
the  current  passing.  In  this  condition  it  is  said  to  be  sh&rt- 
arcuUfd. 

Fitting    vp    a    Plating    Bath. — Fig.    30    exhibits    th( 


eac^^l 
pot^™j 
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from  the  positive 


^^B  lequiaito  arrangement.  Here  ab  is  an  india-rubber  cork, 
^^m  having  two  unconnected  holes,  an  upper  hole  at  the  right, 
^^H  and  a  lower  one  at  the  loft.  Into  the  hole  at  b  there  ia 
^^B  passed  the  shank  of  a  telegraphic  binding  screw,  which 
^^B  eerres  to  support  a  copper  plato  A  by  means  of  the 
^^f  tag  d,  and  to  connect  it  with  tlie  i  '      ' 

terminal  of  the  battery.     This 

large  plate  is  caUed  the  Anode. 

Into  the  hole  at  a  passes  the 
^^_  shank  of  a  double  binding  screw, 
^^L  formed  by  uniting  together  two 
^^H'  ordinary  binding  screws.  This 
^^f  serves  to  support  the  pkte  C, 

which  must  be  smaller  than  A, 

and  which  forms  the  main  cathr 

ode,  as  well   as  a  small  Test 

Cathode  T,  and  these  are  to 

be  connected  with  the  negative 

terminal  of  the  battery.     The 

whole  arrangement  is  supported 

•  in  a  glass  battery  jar  by  means 
of  brass  wire,  as  shown  in  Fig. 
30.  This  jar  has  to  be  filled 
with  liquid,  whose  composition  i-ig.so.--Fi.Ai.soBi.TH. 

will  be    afterwards    described. 

We  may  here  mention  that  wlit*n  in  action  the   copper 
deposit  goes  from  the   anode  to  the  cathode,  and  hence 

tthe  propriety  of  these  names, 
bras) 


g  Ike  Copper  Plates. — In  the  first  place  a  scrateA 
I  Iffush  (Fig.  31)  should  be  made.     This  can  he  readily  done 
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inches  ^^1 
con-  ^^1 
Then    ^* 


by  driving  into  a,  board  two  long  naiU  about  6 
apart,  and  then  winding  fine  brass  wir 
^^  tinuously  from  the  one  nail  to  the  other.  Then 
bind  tlie  strands  together  by  wire,  and  cut  off 
the  ends.  The  arrangement  may  now  be  thrust 
through  a  hole  in  a  cork,  in  order  that  it  may 
be  provided  with  a  handle,  and  we  shall  thus  have 
a  scratch-brush  with  two  endd.  Secondii/,  make 
a  lifting  hook,  which  is  simply  a  rod  of 
tfl^  bent  into  the  shape  shown  in  Fig.  32,  and  pro- 
^B^  vided  at  one  end  with  a  cork  handle.  Thirdly, 
Fig.  aa.  prepare  the  following  cleansing  liquids,  and  labd 
HmB!"     them  aa  under : — 

No.  1.  Alkaline  Liquor  fur  Cleansing  Copper. 
1  part  by  weight  of  cauatlu  Hoik. 
10  parts  by  weight  of  tt-ater. 
No.  2,  SiiXphiirif,  AdA  Li^urrfor  Gkamdng  Ovpixr. 
1  part  by  tdIuiiib  of  snlphuric  acid. 
10  parts  bj  volume  of  wat^r. 

No.  3.  Z/ij^ng  J.igvurfor  C'lcanfiiig  Copper. 
1  vol.  of  impure  nitrio  acid  (residua  from  battery), 
1  voL  of  water. 

No.  4.  Srighteiiing  Liquor  for  CUajisiiig  Copper. 
100  vols,  of  strong  nitric  acid. 
1  vol.  of  etrong  hydrochloric  acid. 

Enougli  of  these  solutions  should  tie  prepared  to  cover  the 
copper  plates  when  they  are  placed  therein.  No.  1  should 
be  contained  in  a  porcelain  evaporating  basin,  and  the  other 
solutions  should  be  in  glass  beakers.  Fourthhj,  the  copper 
plates  may  Jiow  be  cleaosed  as  follows  -,  (a)  By  means  of 
the  Ecratch-brush  thoroughly  clean  both  sides  of  the  plates, 
going  over  the  surfaces  several  times  until  the  strise  run 
into  each  o'her ;  (li)  wash  each  plate  with  water  under  the 
top,  rubbing  it  well  with  the  fingers  or  with  a  rag ;  (c) 
boil  the  plate  in   the   alkaline  liquor  No.    1.     This  will 
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cause  a  discoloration,  owing  to  the  formation  of  an  oxide. 
Remove  tlie  plate  by  means  of  the  H/i'^r,  which  should  be 
used  throughout  tlie  subsequent  operations.  Wash  the 
plate  well  under  the  tap,  then  cany  it  to  liquor  No.  2,  in 
which,  it  should  remain  sufficiently  long  to  enable  the  acid 
to  dissolve  the  dark-coloured  oxide.  Again  wash  it  with 
water,  and  then  place  it  in  liquor  No.  3  for  about  15 
seconds,  after  which  it  must  be  washed  and  placed  for  a 
few  seconds  in  No,  4,  and  then  quickly  washed  with  distilled 
water.  The  plate  should  bo  now  very  bright  and  clean. 
If  it  is  not  so,  the  processes  must  be  repeated.  Let  the 
plate  now  be  preserved  in  a  dilute  solution  of  copper  sul- 
phate until  required  for  use. 

Deposition  of  the  Copper. — The  liquid  with  which  the 
depositing  bath  must  be  charged  is  obtained  by  dissolving 
100  grms.  of  copper  sulphate  in  500  cc.  of  wat«r.  Let  it 
be  boiled  in  a  beaker  until  all  is  dissolved,  and  when  cold 
let  26  grms.  of  sulphuric  acid  be  added.  The  liquid  should 
be  bottled  and  labelled  "  Copper  depositing  liquid, " 

Next  place  as  much  of  this  hquid  in  the  depositing 
bath  as  will  well  cover  the  plates,  and  then  connect  the  plates 
with  the  proper  battery  poles,  attaching  the  negative  ter- 
minal wire  to  the  cathode  or  smaller  plate,  and  the  wire 
from  the  positive  polo  to  the  anode  or  larger  plate.  Now, 
place  the  apparatus  in  a  place  where  it  will  not  be  disturbed 
and  cover  it  up  to  keep  out  dust  and  prevent  evaporation. 
The  liquid  should  be  stirred  occasionally.  The  progress  of 
the  deposition  may  be  ascertained  by  examination  of  the 
test  plat«. 

In  the  course  of  a  couple  of  days  a  bright  copper  deposit 
will  be  obtained  on  the  cathode,  whilst  the  anode  will  be 
found  to  be  covered  with  a  dark  substance  resembliog  mnd.^ 

*  This  substance  U  of  implicated  composition.  Bcaiilca  containing 
dimntegratcd  copper  it  may  contain  tlie  impnritiea  of  cainmercial 
copper,  gucli  aa  Ua,  uiitiajonj,  sulphur,  nickel,  silica,  saleniTun,  gold, 
cobalt,  iron,  uidt>:ad. 
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When  a  sufficient  deposit  has  been  obtained,  remove  the  J 
cathode,  wash  it  well,  and  preserve  it  for  future  experi- 


28.  The  Qalvanoicope. — The  existence  of  an  electric  cur- 
rent may  be  proved  by  reference  to  its  (1)  heating,  (2) 
lighting,  (3)  chemical  and  {i)  magnetic  effects.     An  inatJTi- 
ment  arranged  for  the  exhibition  of  any  of  these  effects  . 
would,  properly  apoaldng,  be  a  aarenf-indicator,  detector,  i 
Galvanosoope.     But  as  the  magnetic  effects  produced  by  ] 
the  direct  action  of  a  current  on  a  freely  suspended  mag- 
net are  by  far  the  moat  cc 
venient  fur  observation,  galvo 
oscopes  are   almost  invariably  1 
I  baaed  upon  the  observation  of  I 
!   deflection  of  a   magnetic  I 
^dle.     The  methods  of  con-  i 
I  straction  of  galvanoscopes  are  J 
?xtremely  various.     They  may  | 
I  roughly  be  classified  into  Verti- 
ail  GtiXvaiwsci/pes  and  Honsontoi 
Galratioscopes.      Fig.  33  shows 
n  vertical  galvanoscope  of  the 
kind  largely  used  by  telegraphic 
engineers,  and  called  by  them 
Toe  VEiiticAL  detectoh.         a  Detector.     Tlie  instrument 
consists  of  a  vertical  cod  wound 
at  right  angles  to  the  plane  of  the  paper,  within  which  is 
a  pivoted  magnetic  needle.     The  needle  is  loaded  so  as'  ■ 
to  rest  in  a  vertical  position.     Fastened  to  the  same  axis   , 
as    the    needle  ia  a  pointer,   which  moves  over  a  circle   , 

'  For  further  ioforraatioa  tie  student  should  consult  the  variona 
trcatiBes  on  electro-platiag,  Buch.  as: — Pneiieal  G-aide  for  the  Ootd 
antt  Siiver  EUctroplat^r,  awi  the  Oalvan^iUulii}  Operator,  W  Dr. 
Wnhl.  London  :  Sampson  Low,  IS83.  Jrt  nf  EUelra- Metallurgy, 
by  Dr.  Gore.  London  :  Longman  and  Co.  Muspratfs  Chrmistry, 
new  ed.,  p.  T92,  Artiolc  "  Klci^lrw-Mnlollurgy,"  etc. 
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I  placed  between  the  pointer  and  coii,  graduated  into  degrees. 
When  a  current  passes,  this  needle,  with  its  pointer,  tends 
I  to  place  itself  in  a  horizontal  position. 

It  may  be  asked  how  far  an  iufitrument  such  as  a 
I  detector  may  be  used  as  a  cuiront  measurer  or  Galvan- 
■  ometer.     If  the  angle  of  deflection  of  the  needle  were 

strictly  proportional  to  the  current  passing  through  the   " 
I  coil,  then  the  iuatrument  wiiuld  be  of  great  value  in  com- 
,   parative  ineasurementH.      But    this  is  by  no  means  the 
I  case,  nor  can  the  indications  be  valued  by  the  help  of 
any  simple  rule.     In  order,  therefore,  to  render  the  instru- 
ment of  service,  it  must  be  submitted  to  the  process  of 
Calibration.     We  shall  later  on  describe  the  necessary 
I  process,  and  meanwhilo  confine  ourselves  to  the  assumption 
J  that  the  greater  the  deflection  the  greater  must  be  the 
1  current  circulating  in  the  coils.     This  assumption  will  be 
[  made  in  the  next  lesson,  which  deals  with  some  further 
I  fundamental   experimeiits   made   with   a  horizontal   gaj- 
I  Tanoscope. 


Lesson  XVI. — The  Oalvanoscope. 

29.  Apparatus. — A  simple  galvanoscope,  or  the  following 
L  materials  for  fitting  one  up,  will  be  required :  A  tooth- 
i  powder   box  about   3   inches  in    diameter,    four  binding 

iws.  No.  28  silk  or  cotton- covered  wire,  6  inches  of 
J-inch  copper  strip,  wood  for  making  a  simple  reel,  namely, 
j  a  strip  9  inches  by  J  inch  by  ^  inch,  a  magnetic  needle  2 
I  inches  long  provided  with  an  agate  cap,  a  sewing  needle 
for  pivot,  galvanometer  card  or  card-hoard  for  making  it,  a 
I  piece  of  common  window  glass,  thin  board  (J  inch  thick) 
I  on  which  to  mount  the  card. 

Maldng,  Winding,  and  Fitting  tlte  Reel — Divide  the  strip 
I  of  wood  into  three  equal  oblong  pieces,  and  fit  them  to- 
I  gather  in  order  to  form  a  reel.  Trim  the  ends  so  as  to  make 
I  the  reel  fit  somewhat  tightly  into  the  box     Make  a  small 
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bole  at  one  end  of  the  reel  and  pass  tbrougu  it  3  inches  of 
wire.  Then  wind  continuouaiy  until  the  reel  is  nearly 
filled  with  wire.  Finally,  pass  the  other  end  of  the  wire 
through  a  second  hole  in  the  reel,  then  fit  the  reel  into  the 
hox.  Pass  the  ends  of  the  wire  through  holes  in  the  lower 
part  of  the  box,  and  connect  them  with  binding  screws 
screwed  into  the  box.  The  bright  ends  of  the  wire  may 
be  put  round  the  ends  of  the  binding  screws,  and  then 
firmly  held  in  their  place  by  screwing  the  binding  screws 
well  into  the  wood.  It  is  better  still  to  make  a  soldered 
contact,  but  if  the  binding  Bcrewa  ore  firm  this  will  not  be 
necessary. 

Mounting  tlie  Card. — Gum  or  glue  upon  a  thin  board  a 
card  graduated  into  degrees.  Cut  the  board  into  a  circular 
shape  so  as  just  to  fit  inside  the  box.  At  its  centre  fix 
the  point  of  a  needle  so  as  to  project  upwards  above  the 
board  for  about  quarter  of  an  inch  or  less.  Upon  this  point 
the  agate  cap  of  the  magnetic  needle  is  supposed  to  rest. 

Fitting  the  ZjiZ,— Mark  ofl'  a  circle  2  inches  in  diameter 
on  the  lid  by  means  of  compasses,  and  then  cut  out  a  hole 
having  the  circle  marked  as  its  boundary.  Take  ofT  the 
rough  edges  by  means  of  a  file  and  sand-paper. 

Next  place  the  board  which  has  the  scale  attached  to  it 
on  a  sheet  of  glass,  and  cut  the  glass  round  its  edge  by 
means  of  a  diamond  or  substitute  for  a  diamond.  Snip 
off  the  glass  with  pincers  j  the  glass  ought  now  just  to 
fit  inside  the  lid. 

PuUbi^  the  Pieces  logeiher. — In  the  first  place  adjust  the 
card  in  the  box  so  that  the  zero  line  of  the  graduation 
shall  lie  along  the  direction  of  the  sti'ands  of  the  wire. 
Put  the  needle  on  its  pivot,  ami  cover  the  whole  with  the 
box-lid.  The  instrument  is  now  complete.  Before  lieing 
used  it  must  ]>e  placed  in  euch  a  position  tiiat  the  needle 
points  to  zero,  in  other  words,  the  stmnda  of  the  wire  as 
well  as  the  needle  must  lie  in  the  magnetic  meridian.  G. 
of  Fig.  34  shows  the  completed  galvanoscope. 
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Use  of  Copper  Slnp. — Where  etrojig  currents  hava  to  be 
observed,  it  will  be  necessary  to  make  use  of  a  copper  strip, 
through  which,  and  not  through 
oacope,  the  current  must 
be  passed.      In  this  case 
the  galvanoBcopo  as  above 
described,  being  properly 
pointed,     ought     to     be 
placed    on    the    wooden 
block  to  which  the  coppiT 
strip  is  fastened.     In  llie   I 
arrangement  sketched   m 
Fig.  34  the  strip  of  copiior 
is  bent  so  as  to  form  the 
three  sides  of  a  squnre.    lb 

is  pivoted   to  the  wooden  OiLVisoscoPE  with  Copper  strap 

block  BO  as  to  move  stiffly. 

This  is  done  by  screwing  the  binding  screws  through 
holes  in  the  copper  into  the  wood.  According  to  the 
strength  of  the  current  the  copper  atrip  must  be  turned 
round  its  bearings  into  a  plane  more  or  less  obhque  to 
that  of  the  block,  this  obliquity  being  greatest  when 
the  current  is  strongest,  and  least  when  the  current  is 
weakest.  Or  we  may,  by  means  of  a  sliding  arrange- 
ment^ place  the  galvanoscope  at  a  greater  or  less  iSs- 
tauce  from  the  copper  strip.  In  Fig.  35  the  copper  strap 
iB  mounted  on  a  wooden  hoop,  and  the  galvanoscope  is 
mounted  so  as  to  slide  on  a  graduated  platform.  By 
either  of  these  arrangements,  or  by  a  union  of  both,  we 
can  brbg  the  most  powerful  currents  within  the  range  of 
the  scale  of  tbe  galvanoscope.^ 

Fitting  vp  the  Apparatus. — The  copper  strip  must  be 

'  Tilt  former  of  these  amngsmenta  exMbita  tbe  principle  of  Oliach'a 
gslvBJianiBter,  tha  latter  tbe  principle  of  Thomsoa'a  current  meter, 
Sistnxments  wliich  are  employed  ia  moaauring  currenta  of  dilierant 
BtrengtbB. 
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connected  with  the  hitttary  hy  means  of  the  appropriate 
binding  screws.  When  in  action  the  copper  strip  must 
lie  ill  the  plane  of  the  magnetic  meridian.     The  ari-ange- 


Fig.  3S.— SiiDiso  MernoD  of 

ment  may,  if  necessary,  be  firmlj  ti\  1  t  thi,  tihle  by  a 
wooden  clamp.  The  battery  and  cumniutatoi  must  be  east 
or  west  of  the  galvanoscope  (see  Fig  36),  and  the  lead- 
ing wires  should  remain  iu  a  fixed  position  durmg  the 
performance  of  tho  Gxporiments      Of  these  the  following 


are  examples,  wliich  were  all  made  by  means  of  the  copper 
strip : — 

SxperiTnent  I. — One  cell  was  found  to  give  a  deflection 
of  48°,  whilst  two  cells  in  Beriea  gave  a  deflection  of  49°, 
or  very  nearly  the  same  as  before. 
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Experiment  II. — The  two  zinc  tenninala  were  connected 
together,  and  the  two  carbon  tenninala  were  likewise  con- 
nected together,  so  as  to  form  one  large  cell  (see  Fig.  37). 
Thia  method  of  connection  is  known  as  that  of  midtiple 
arc  {where  many  cells  have  to  be  arranged  in  this  manner. 
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it  ia  best  to  place  them  as  shown  in  Fig.  38).  It  was  found 
that  the  two  cells  in  multiple  arc  gave  a  deflection  of  62°. 

Experiment  III. — A  piece  of  carbon  rod,  8  inches  long, 
placed  in  the  circuit  reduced  the  strength,  ao  that  one 
cell  now  gave  only  16°,  while  two  cells  in  series  gave 
28°,  thereby  showing  that,  when  there  ia  a  resistance 
external  to  the  battery,  the  current  is  increased,  by  adding 
to  the  number  of  the  cells. 

Experiment  IV. — It  was  shown  that  the  greater  the 
length  of  carbon  rod  in  circuit,  the  less  was  the  de- 
flection. 

E'xpenmenl  V. — Two  carbon  rods  of  the  same  length 
placed  alongside  each  other  gave  a  greater  deflection  than 
one  rod  alone. 

Experimeni  VI. — ^A  piece  of  iron  wire  was  coiled  in  a 
spiral  and  placed  in  the  circuit.  The  deflection  was  noted, 
and  then  the  iron  was  heated  by  means  of  a  spirit  lamp 
Thereupon  the  deflection  became  less,  hut  when  the  wire 
Was  allowed  to  cool  the  needle  returned  to  its  previous 
position. 

30.    Theory  nf  ihe  Buttery. — It  may  here  be  desirable  to 
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give  a  short  account  of  the  principlea  of  action  of  the  vol- 
taic battery,  premisiiig  that  in  all  probability  these  are  not 
yet  fully  understood,  so  that  any  statement  we  make  must 
only  be  regarded  as  a  working  hypothesis.  If  a  zinc  rod 
or  wire  he  soldered  or  closely  united  to  a  similar  copper 
rod  or  wire,  an  electric  separation  is  produced  at  and  over 
the  joining  surfaces,  in  virtue  of  which 
the  zinc  becomes  positively  and  the 
copper  negatively  electrified.  This 
^Cu  electrical  diflerence  is  not,  however, 
great,  and  its  existence  can  only  be 
experimentally  verified  by  means  of 
a  delicate  electrometer.  Imagine  now 
r^e-M.  (Fig.   39)  a  circuit  of  the  foUowlng 

nature,  namely  a  thick  semicircular  zinc  rod  soldered  or 
united  at  two  junctions  to  a  similar  copper  rod.  Shall 
we  have  a  current  from  this  arrangement!  Unquestionably 
not.  At  the  upper  junction  there  is  no  doubt  a  source  of 
electric  irritation,  in  virtue  of  which  positive  electricity  ia 
driven  to  the  zinc  or  left-hand  side,  and  negative  electricity 
to  the  copper  or  right-hand  side,  and  if  these  two  elec- 
tricities could  be  allowed  freely  to  unite  in  the  remainder 
of  the  circuit,  we  should  certainly  have  a  current  as  long  as 
the  electric  irritation  was  kept  up.  But  this  is  not  the 
ease,  for  the  lower  junction  is  a  similar  source  of  electrical 
irritation,  and  ■will  prevent  the  union  of  the  two  elec- 
tricities, so  that  what  we  shall  finally  have  will  be,  not  a 
current,  but  a  distribution  of  statical  electricity,  in  virtue 
of  wliich  the  zinc  will  remain  positively  and  the  copper 
negatively  electrified.  Before  wo  can  get  a  current  we 
must  be  able  to  retain  the  irritation  at  the  one  junction 
and  neutralise  it  at  tho  other. 

It  is  this  which  ia  accomplished  by  means  of  the  battery 
liquid.     Suppose  that  we  dispense  with  the  lower  junction 
and  allow  the  rods  to  swell  out  into  two  plates 
minals  of  their  own  material,  which  are  to  be  immersed  in 
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a  Teasel  containing  dilute  sulphuric  acid  (Fig.  40),  A  mole- 
cule of  this  dilute  acid  may  be  regarded  as  being  com- 
posed of  two  members  or  parts,  one  of  these  containing  the 
oxygen,  which  we  may  regard  as  negatively  electric,  and 
the  other  the  remainder  of  the  mole- 
cule, including  the  hydrogen,  which 
we  may  regard  as  positively  electric. 
The  first  eflect  of  the  immersion  of  Zn  [ 
the  electrodes  in  dilute  acid  may  be 
regarded  as  a  polarisation  or  point- 
ing of  these  liquid  molecules  after 
the  manner  which  we  have  previously 
described,name]y,the  ends  containing 
oxygen  pointing  to  the  zinc,  and  the 
ends  containing  hydrogen  to  the  copper  terminal.  Now,  if 
the  positive  electricity  of  the  zinc  terminal  be  more  iotcnse 
than  that  of  the  hydrogen  portion  of  the  dilute  acid  mole- 
cule, the  oxygen  portion  will  leave  this  hydrogen  portion 
and  will  unite  with  the  zinc,  which  will  thus  be  oxidised, 
and,  in  like  manner,  at  the  other  end  the  hydrogen  portion 
of  the  dilute  acid  molecule  will  go  to  the  copper  b3rminal, 
carrying  its  positive  electricity  with  it.  By  this  means 
negative  electricity  will  constantly  be  carried  to  the  zinc 
and  positive  electricity  to  the  copper  terminal,  so  that  the 
electric  difference  of  these  terminals  will  he  neutralised. 
Meanwhile  we  may  imagine  that  at  the  upper  junction,  the 
source  of  electric  irritation  continuing  to  exist,  a  constant 
supply  of  positive  electricity  is  carried  down  the  zino  side 
and  a  similar  supply  of  negative  electricity  down  the 
copper  side,  both  of  which  are,  as  fast  as  they  descend, 
neutralised  after  the  manner  we  have  now  described.  But 
a  current  of  negative  electricity  flowing  down  the  right- 
hand  side  is  equivalent  to  a  current  of  positive  electricity 
flowing  up,  BO  that,  taking  both  sides  together,  wo  have 
virtually  a  current  of  positive  electricity  flowing  round  the 
circuit  in  a  direction  the  opposite  to  that  of  the  hands  of 


so 


PRACTICAL  PHYSICS. 


1 


a.  watch,  and  passiug  in  tho  liquid  from  the  zinc  to  the 
copper. 

The  comhination  of  the  zinc  with  the  oxygen,  and  the 
solution  of  the  oxide  in  th-e  liquid,  involves  of  course  the 
gradual  wasting  away  of  the  zinc,  which  may  he  said  to  be 
slowly  burned  in  a.  liquid  maDner.  This  burning  is  the 
source  of  energy  in  the  arrangement,  to  which  the  zinc 
serves  as  fuel,  while  the  peculiar  construction  of  the  circuit 
is  adapted  to  convert  tlds  energy  into  the  form  of  a  current 
of  electricity.  We  have  in  fact  to  look  for  the  meclianicai 
ftpiivalent  of  the  energy  displayed  to  the  burning  of  the  zint^., 
and  for  the  pe&diaT  form  which  this  energy  takes  to  tha 
arrangement  of  the  circuit.  If  we  did  not  amalgamate  tho 
zinc  there  would  probably  be  a  difi'erence  in  hardness  and 
chemical  composition,  between  different  parts  of  the  same 
plate.  These  differences  would  give  rise  to  local  currents, 
so  that  the  energy  due  to  the  combustion  of  the  zinc 
would  be  partly  spent  oil  these  local  currents,  to  the 
weakening  of  the  main  current  of  the  battery,  which  it 
is  our  object  to  strengthen  as  much  as  possibla  Thus 
amalgamation  of  the  zinc,  by  equahsing  the  chemical  com- 
position all  over  the  plate,  prevents  the  formation  of  these 
loca)  currents,  so  that  the  whole  energy  of  the  combustion 
is  directed  towards  the  main  current.  But  it  will  be  asked. 
What  becomes  of  the  hydrogen  which  is  set  free  on  the 
copper  plate  1  It  cannot,  of  course,  combine  with  tho 
copper,  and  will  ultimately  no  doubt  form  bubbles  and 
escape  to  the  surface.  Meanwhile,  however,  it  may  envelop 
the  copper  terminal,  and,  by  means  of  the  tendency  to 
send  a  current  in  the  opposite  direction  or  Polarisalioii 
thus  produced,  act  detrimentally  upon  the  production  of 
the  current,  which  will  become  quickly  enfeebled  from 
this  cause. 

It  becomes  therefore  a  matter  of  importance  to  prevent 
this  deposition  of  hydrogen  and  consequent  polarisation, 
so  as  to  obtain  a  constant  current  from  our  battery.     Thia 
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is  done  in  Bunsoii'a  battery,  which  we  have  just  been  de- 
Boribing.  Here,  under  ordinary  circumstances,  while  the 
amalgamated  zinc  would  be  gradually  oxidised  by  the 
dilute  sulphuric  acid,  the  hydrogen  would  be  deposited  on 
the  carbon  idate,  which  plays  the  part  of  the  copier,  and 
thus  polarise  it  j  but  this  deposition  is  prevented  fay  im- 
mersing the  carbon  plate  in  strong  nitric  acid  enclosed  in 
a  porous  cell  By  this  means  the  nascent  hydrogen  is 
immediately  oxidised  by  the  oxygen  of  the  acid,  and  its 
deposition  upon  the  carbon  plate  is  effectually  prevented. 
The  nitric  acid  will  of  course,  owing  to  the  loss  of  oxygen, 
become  gradually  changed  in  its  composition,  and  useleee 
for  the  purpose. 

31,  HkdroTnoUve  Force. — We  have  here  spoken  of  the 
electric  difference  which  is  continuously  kept  up  at  the 
junction  of  dissimilar  metals;  this  may  be  termed  (for 
the  present  purpose)  the  Electromotive  Force  of  the 
arrangement,  and  is  generally  denoted  by  the  letter  E. 
This  electromotive  force  may  be  regarded  as  chiefly,  at  all 
events,  depending  upon  the  electro -chemical  difference  be- 
tween the  two  plates,  so  that  zinc  and  copper  would  give 
one  value  of  E,  zinc  and  carbon  a  second,  zinc  and  plati- 
num a  third,  and  so  on.  Suppose  we  confine  ourselves  to 
zinc  and  carbon,  then,  if  we  have  a  single  cell,  its  electro- 
motive force  will  be  E.  If,  however,  we  have  two  cells  in 
series,  that  is  to  aay,  the  zinc  of  the  one  cell  being  con- 
nected with  the  carbon  of  the  next,  we  shall  have  a,  total 
electromotive  force  equal  to  2E, — if  thiee  cells  in  series, 
3E,  and  so  on. 

32.  Ohm's  Law. — It  must  not,  however,  be  imagined 
that  if  two  circuits  have  the  same  electromotive  force  the 
current  will  necessarily  be  the  a.ime  in  each.  This  leads 
us  to  discuss  the  law  which  regulates  the  rate  of  flow,  in- 
tensity, or  strength  of  the  current  produced,  known  as  Ohm's 
law,  because  it  was  discovered  by  Ohm,  a  German  physician. 
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In  order  to  explain  tliia  law,  imagine  that  we  have 
thick  cylindrical  metallic  rod  {Fig.  il),  of  wliicii  the  upper 
cross-section  A  is  kept  at  an  electric  potential  or 
level  different  from  that  of  the  lower  cross-section  B. 
This  difference  of  electrical  level  we  shall  call  E, 
and  indeed,  it  ia  merely  a  manner  of  expressing 
the  cause  of  electromotive  force.  In  consequence 
of  this  electrical  difference  between  the  top  and 
bottom  being  kept  up  at  these  places,  there  'will  be 
PI  ^^  a  continued  flow  of  electricity  from  the  top  to  the 
bottom,  the  strengtb  of  -which  will  depend  amongst 
other  tilings  upon  the  va.lue  of  E;  double  E  and  you 
double  the  flow,  make  E  three  times  aa  great  and  you  in- 
crease the  flow  in  the  same  proportion,  and  so  on.  Thus 
the  strength  of  the  current  or  C  is  pr(tportio/uil  io  the 
fUdromolm  force,  or  E. 

In  the  next  place  the  flow  of  electricity  will  be  propor- 
titinal  io  Hie  cross-seetwn  of  the  rod  at  A,  so  that  if  we 
double  the  cross-section  we  shall  double  the  flow.  The 
double  cross-section  virtually  makes  the  single  rod  into 
two  rods,  and  this  law  hardly  requires  further  explanation. 
The  next  point  is  that  if  we  double  the  length  of  the  rod 
we  halve  the  flow,  other  things  being  the  same — in  other 
words,  the  flow  is  inversely  p-oporiimuih  io  tlie  length  of 
the  rod.  To  prove  this,  let  us  suppose  that  the  rod  in 
the  above  diagram  is  cut  by  an  imag^ary  cross-section 
half-way  between  the  top  and  the  bottom.  The  eJectricol 
difference  between  this  section  and  the  bottom  will  only  be 
one  half  of  that  between  the  top  and  the  bottom,  or  it  will 
be  1^1  and  yet,  since  we  have  not  altered  the  state  of  things, 
we  shall  have  the  same  current  C  as  before  in  tlie  lower 
half  of  the  rod.  In  other  words,  we  may  either  regard 
the  current  C  as  produced  by  an  electrical  diflerence  E 
between  the  top  and  bottom  of  the  rod,  or  by  an  electrical 
difference  equal  to  ^  between  the  middle  and  bottom  of  the 
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7  had  there  been  an  electric  difference  =  E  be- 
tween the  middle  and  the  bottom,  wo  should  obviously 
have  had  a  double  current — in  other  words,  for  the  samo 
electrical  difference  the  cwrrent  is  inversely  proportional  to 
the  length  of  the  rod. 

Finally,  the  amount  of  current  will  depend  iipon  the 
nalure  of  the  rod—if  it  be  of  copi>er  there  will  be  a  large 
flow  for  a  small  electrical  difference,  if  it  be  of  wood  the 
flow  will  be  much  smaller,  and  if  of  ebonite  there  will  be 
scarcely  any  flow  whatever. 

All  that  we  have  now  stated  is  conveniently  expressed 
by  Ohm's  law  and  the  other  laws  associated  with  it.  The 
following  is  a  statement  of  Ohm's  law:  Let  C  represent  the 
strength  of  the  current  in  a  circuit,  E  the  electromotive 
force,  and  R  the  resistance  this  current  experiences  from 
the  materials  of  the  circuit,  then 


To  define  the  resistance,  or  that  which  impedes  the  flow 
of  electricity,  we  must  bear  in  mind  what  we  have  already 
indicated  above  (1.)  that  the  conductivity  is  directly,  and 
hence  the  resistance  is  inversely,  proportional  to  the  cross- 
Bection  of  a  rod  or  wire  ;  (2.)  that  the  conductivity  is  in- 
versely, and  hence  the  resistance  is  directly,  proportional  to 
the  length]  (3.)  that  the  conductivity  depends  on  the  sub- 
stance of  which  the  rod  or  wire  is  composed,  each  substance 
having  its  own  specific  conductivity ;  hence  the  resistance 
also  depends  on  a  specific  resistance,  which  will  vary  in- 
versely with  the  specific  conductivity  In  fine,  resistance 
may  be  regarded  as  the  reciprocal  of  conductivity,  so 
I  that  we  may  either  assert  that  the  current  ia  jointly  and 
I  directly  proportional  to  the  electromotive  force  and  the 
conductivity  of  the  circuit,  or  directly  proportional  to 
the  electromotive  force  and  inversely  proportional  to  the 
lesistance. 
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The  resiatanco  of  a  circuit  is  usually  divided  into  two 
parts — the  internal  or  essential  resistance  of  the  battery, 
consisting  chiefly  of  that  of  the  liquid  into  which  the 
plates  are  immersed,  and  the  external  resistance,  which 
may  be  varied  according  to  circumstances.  The  lawa  now 
given  apply  equally  to  the  internal  and  to  the  external 
resistance.  If  we  denote  the  former  by  R  and  the  latter 
by  r,  then  Ohm's  law  will  stand  as  follows : — 
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We  may  now  apply  Ohm's  law  to  give  an  explanation 
of  the  experiments  of  pages  76  and  77, 

In  the  first  place,  for  one  cell,  without  any  external  re- 
sistance except  the  copper  strip,  we  shall  have  C  =  g,  whde 
for  two  such  cells  in  series  we  shall  have  C  =  ||  =  |.  Thus 
both  theory  and  experiment  agree  in  demonstrating  that 
the  current  is  the  same  in  these  two  cases — as  a  matter 
of  fact  the  galvanoscope  indications  were  48°  and  49°. 

Again,  when  the  two  cells  are  connected  together  in 
multiple  arc,  we  have  virtually  one  large  cell  of  a  double 
cross-section.  Here  the  current  will  be,  since  the  resist- 
ance is  halved  owing  to  the  cross-section  being  doubled, 
C  =  jg^=^-  Accordingly  we  ought  to  have  a  double 
current,  and,  as  a  matter  of  fact,  the  galvanoscope  indica- 
tions increased  from  48°  to  62°.  We  must  not,  however, 
in  the  meantime  attempt  to  use  these  numbers  to  give 
us  an  accurate  measurement  of  the  comparative  intensity 
of  the  current  in  the  two  cases  ;  this  will  come  afterwards, 
when  we  describe  the  galvanometer.  Suffice  it,  however, 
that  both  by  theory  and  experiment  the  current  is  much 
laiger  when  wo  have  the  two  cells  connected  in  multiple 
arc  than  when  we  have  a  single  cell  or  two  cells  in  series. 
Thirdly,  when  we  interpose  a  considerable  external  resist- 
ance, such  as  a  piece  of  carbon  rod,  not  only  is  the  current 
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greatly  reduced  in  strength  (from  48°  to  16°),  but  the  two 
'a  give  ua  decidedly  more  than  a  single  cell, 
the  numbers  being  1 6°  for  a  single  cell,  and  28°  for  the  two 
'  :.  This  follows  at  once  from  Ohm's  law,  which 
will  give  ua  for  a  single  cell  under  these  circumstances 
Ci  =  pqr,.,  and  for  two  cells  Cj  =  ,^h+^-  Now  if  r  is  consider- 
iible,  Cg  will  be  decidedly  greater  than  C^,  and  if  it  bo  very 
ed  to  E,  Cj  will  he  nearly  doulile  of  Cj. 

Finally,  we  see  from  Experiment  IV.  that  a  rise  of 
temperature  increases  the  resistance  of  an  iron  wire,  and 
B  law  will  hold  for  other  metals. 

When  the  external  part  of  a  circuit  ia  composed  of 
varying  resistanceB,  we  must  remember,  in  applying  Ohm's 
law  to  it,  that  the  same  quantity  of  electricity  passes  in 
one  second  through  every  cross-section  of  the  circuit.  For 
if  this  were  not  the  case,  more  positive  electricity  might  be 
carried  into  some  region  than  was  carried  out  of  it,  so  that 
positive  electricity  would  there  accumulate,  or  less  might  be 
carried  in  than  was  caiTied  out,  so  that  the  region  would 
become  more  and  more  negative.  But  both  of  these  sup- 
positions are  inadmissible,  inasmuch  as  when  a  current  is 
established  we  have  a  constant  state  of  things.  We  must 
therefore  suppose  that  the  quantity  of  electricity  passing 
any  cross-section  in  unit  of  time,  or,  in  other  words,  the 
current,  is  constant  throughtiut  ihe  drcuil.  How  under 
these  circumstances,  what  we  have  already  said  wiU  lead 
the  reader  to  infer  that  the  difference  of  potential  (which 
we  shall  take  to  be  the  cause  of  the  electromotive  force) 
between  any  two  points  in  a  circuit  must  so  dispose  itself  as 
to  be  proportional  to  the  resistance  between  these  points, 
so  that  the  greater  the  resistance  so  much  the  greater 
is  the  electromotive  force.  In  other  words,  we  have  in  the 
whole  circuit  a  given  electromotive  force  E  to  dispose  of, 
and  this  must  be  distributed  along  the  circuit,  so  that  the 
force  between  two  points  shall  always  be  prt^ortioTtal  to 
the  resistance  between  these  points. 
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33.  The  Units  of  Them-y  and  Practice, — Ohm's  law  may 
be  written  in  three  ways : — 

c=i w 

E=CR (2) 

R=^ (3) 

If  in  (1)  E  =  1  and  E  =  1,  we  define 

Unit  current  as  the  current  in  a  circuit  with  unit  E.  M.  F,  and 
unit  resistance (4) 

If  in  (2)  C  =  1  and  R  =  1,  then  we  define 

Unit  E,  M,  F,  as  the  E,  M.  F,  in  a  circuit  with  unit  current  and 
unit  resistance (5) 

If  in  (3)  E  =  1  and  C  =  1,  we  define 

Unit  resistan/x  as  the  resistance  in  a  circuit  with  unit  E.  M.  F. 
and  unit  current (6) 

Having  then  fixed  upon  independent  values  for  any 
two  of  the  units,  the  third  wiU  be  determined  by  one  of  the 
definitions  (4),  (5),  or  (6).  We  are  at  liberty  to  select 
any  units  we  please.  Thus,  for  instance,  the  unit  current 
might  be  that  produced  by  a  DanielFs  cell  of  a  certain 
construction  and  size  when  its  poles  were  connected  by  a 
specified  wire ;  and  the  unit  of  resistance  might  be  that 
between  the  ends  of  a  cylinder  of  pure  silver  of  specified 
diameter  and  length.  But  every  one  is  now  agreed  that  it 
is  desirable  that  the  units  should  be  derived  from  the 
fundamental  units  of  length,  mass,  and  time  adopted  in  this 
work  (see  Vol.  I.  Appendix),  namely  the  centimetre,  the 
gramme,  and  the  second.  Accordingly  methods  have  been 
devised  of  defining  the  electrical  units  with  reference  to 
these  three  fundamental  units.  A  method  of  deriving 
these  units  will  be  given  in  Appendix  B,  and  tables  of  the 
various  systems  of  units  in  Appendix  C. 

The  units  so  obtained  are  of  very  inconvenient  mag- 
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nitude  for  practical  purposes,  and  henco  practical  umis 
have  been  chosen  by  taking  a  Eubmultiple  of  the  unit  of 
current  and  multiples  of  the  nuits  of  E.  M,  F.  and  resist- 
ance.    Thus  are  obtained  :^ 

The  ampere  =  10"'  uf  tlie  C.  G,  S.  unit  of  current. 

The  volt        =)0»       ,,  ,,        E.  M.  F. 

The  ohm        =10"       ,,  „       resistauce. 

The  units  whichwe  are  here  discussing  are  called  Electro- 
magnetic Units,  to  distinguish  them  from  units  of  dif- 
ferent nature  called  Eleotrostatic  Unite,  which  are  derived 
from  the  effects  of  electrostatic  repulsion  and  attraction. 

It  will  be  seen  from  the  numerical  values  above  given 
that  if  we  have  a  circuit  in  which  the  resistance  is  one 
ohm  and  the  E,  M.  F.  one  volfc,  then  the  strength  of  the 
current  will  be  one  ampfere  ;  for  j^  =  1 0  "  ^. 

Ohm. — A  Committee  of  the  British  Association  found 
that  the  resistance  of  the  ohm  is  represented  nearly 
by  the  resistance  of  a  colunm  of  pure  mercury  105  cm. 
long  and  1  sq.  mm.  in  section  at  0°  C.  They  caused 
coils  of  an  alloy  of  silver  and  platinum  to  be  issued  as 
standards.  Resistance  coils  based  on  these  standards  are 
called  B.  A.  olims.  Recent  experiments  of  Lord  Eayleigh 
and  others  prove  beyond  doubt  that  the  B.  A  ohm  is  more 
than  one  per  cent  too  small.  The  B.  A.  ohm  therefore 
can  only  really  be  regarded  as  an  empirical  unit,  just  as  is 
the  case  with  the  standard  mfetre.  An  attempt  is,  however, 
being  made  to  substitute  for  the  old  standards  new  ones  of 
correct  valua  These  are  called  JV-ue  Ohms,  sometimes 
!.  In  accordance  with  the  recommendations 
!i  held  at  Paris  in  1884  a  ktfal  ohm  is  defined 
to  be  the  resistance  of  a  colunm  of  piu-e  mercury  about 
one  centimetre  longer  than  that  defining  the  E.  A.  ohm,  or 
106  cm.     More  exactly  the  relation  between  the  units  is 
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In  Gortnany  the  Siemens  unit  or  S.  U.  is  largely  used,] 
It  is  supposed  to  denote  the  resistance  of  a  column  of  pTirsJ 
mercury  1  sq.  mm.  in  section  and  1  mfetre  long  at  0°  " 

1  S.  U.  imit  =  -9540B.  A.  olim. 

A  megohm  is  one  million  ohms.     A   microhm  is 
inillioDth  of  an  ohm. 


1  Congress  volt=l -0112  6.  A.  volt. 

A  Daitiell's  cell  has  approximately  an  E.  M.  F,  of  one  1 

volt. 

Ampfere. — The  ampere  in  common  use  being  depend- 1 
ent  on  the  ratio  of  the  volt  to  the  ohm,  is  left  unchanged,  I 
and  has  the  same  value  as  the  Congress  ampere. 

A  miUiampire  is  one  thousandth  of  an  ampfere. 

34  Thi  Mirror  Galvanometer. — To  take  advantage  of  J 
Ohm's  law  for  electrical  measurement  the  student  must  be  j 
provided  with  a  galvanometer.  The  best  form  of  galvaa-1 
omet«r  will  bo  one  in  which  currenls  are  smpty  j>rop(>Tticmill.j 
to  the  de/lediom.  This  is  the  case,  aa  we  shall  immediately  J 
prove,  with  the  mirror  galvanometer,  an  instrument  of  J 
extreme  value  to  the  electrician. 

When  a  small  magnet  is  suspended  at  the  centre  of  a  J 
coil,  and  is  deflected  through  an  angle  a  by  a  current  0  j 
circulating  in  the  coil,  the  following  relation  may  bol 
considered  to  bo  true  : — 

C  =  Ktt.na (ll'i 

where  K  is  a  constant.  This  will  bo  formally  proved  in  si 
later  chapter.  Meanwhile  vre  shall  assume  it  to  be  tnisl 
for  the  case  of  our  mirror  galvanometer.  In  Vol.  I.  p.r 
56  we  have  considered  the  measurement  of  small  angles 
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by  the  aid  of  .1  mirror  and  a,  beam  of  light,  and  it  was 
'  there  shown  that 

<"^-L M 

where  n  is  tlie  number  of  millirn^tre  diviaions  that  the 
reflection  traverses  on  the  scale,  and  L  is  the  distance  of 
'  the  scale  from  the  min'or  in  millimetres.     Now  for  small 
valnes  of  b  we  may  aasume 

Jtan2a  =  Una  .  .  .      (3) 

Bfrom(]),  (2),  and(3) 

C  =  J-xj(  =  coustniitydonoctioii     .         .         .     (4) 

'   or  Ote  current  vai'ies  directly  tw  Ihe  observed  deflecUon.     For 
\  all  the  work  of  this  chapter  wq  Bhall  consider  this  to  be 
true. 

In  the  following  lessons  it  will  be  necessary  for  the 
student  to  have  a.  ndrror  galvanometer  of  simple  construc- 
tion. The  student  may  easily  learn  how  to  put  together 
such  an  instrument,  and  it  is  deBirable  that  this  should  be 
attempted  by  all  students. 


Lesson  XVTI. — Construction  of  Mirror  Galvan- 
ometer. 

35.  Matmcds. — A  wooden  base  B  (Figs.  42  and  43) 
8  inches  in  diameter  and  1  inch  thick.  A  pillar  P,  3 
inches  in  diameter  and  i  inches  high,  bored  with  a  small 
hole  passing  along  its  axis.  A  reel  li,  3  inches  in  diameter 
and  IJ  inch  thick,  with  flanges  of  half  an  inch  and  a 
central  hole  1^  inch  in  diameter,  witli  a  small  recess  on 
one  face.  A  plug  to  fit  the  hole  of  the  reel.  The  reel 
with  ping  is  seen  in  the  two  upper  figures  of  Fig,  44,  The 
above  may  be  prepared  by  any  wood-turner.  A  ronnd  piece 
of  glass  for  window,  to  fit  the  recess  in  the  reel.     "  ■ "  ■ 
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of  No.  28  silk-covered,  and  No.  20  cotton -covered,  wire. 
Three  binding  screws  (No.  3  telegraph  binding  screws.)    A 
brass  rod  r  to  support  the  directhig  magnet  M,  which  may 
bo  of  crinoline  steei,  and  which  is  fixed  to  a  cork  C,     The    ' 
cork  slides  up  or  down  the  rod.     The  magnetic  Jieedkfor  j 


suspension  requires  to  be  attached  to  the  back  of  a  small 
mirror  of  microscopic  glass,  silvered  (see  Appendix).  It 
has  aluminium  foil  for  a  dami)er  and  a  cocoon  fibre  for 
EuapoDsion.  The  magnetic  needle  is  made  of  watch  spring. 
Scale,  Lamp,  ajut  Lrns  (Fig.  45). — The  scale  requires  three 


I 
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I  pieces  of  wood.  The  base  B — 1 6  incliea  x  6  inchea  x  1  inch 
thick.  The  iront  A — 16  inches  x  9  inches  x  J  inch  thick. 
The  shade  S — 1 6  inches  x  4  inches  x  ^  inch  thick.  The 
front  has  a  |-inch  hole  h  1\  inches  from  the  bottom.  A 
paper  scale  aS  16  inches  long  is  divided  into  millimetres. 
The  lamp  is  a  small  paraffin  lamp  F  that  may  be  hooked 
on  to  the  scale,  which  is  provided  with  two  staples  for  the 


purpose.     A  lens  of  6-inch  focus  is  fitted  on  a  cork  sup- 
.   ported  by  a  bottle  L  laden  with  shot.     The  lens  is  used  for 
focusing  (see  Fig.  45). 

CoTistruclion  I. — Winding  the  Bed. — This  may  be  done 
by  hand,  but  it  is  far  more  expeditioua  to  employ  the 
simple  machine  of  Fig.  46.  The  reel  E  is  slipped  upon 
the  somewhat  conical  axis,  where  it  is  wedged  firmly.  A 
few  turns  of  wire  are  then  wound  round  the  axis,  and  the 
wire  is  then  wound  regularly  on  the  reel  with  a  moderate 
tension  from  the  bobbin  B,  which  may  be  mounted  on  a 
metal  ajtis  supported  by  two  uprights  so  as  to  revolve. 
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Tho  winding  machine  and  bobbin  holder  ahould  be  clamped 
or  Bcrewed  down  to  the  table.     First  wind  one  layer  of 


Fig,  4Jj.— ^ALE,  Lamp,  and  L£h& 

re,  then  give  it  a  eoat  of  melted  paraffin  applied 


with  a  brush,  then  wind  a  second  and  third  layer,  applying 
paraffin  to  each.      Leave  about   12   inches   of  wire  for 
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makiiig  connections ;  this  may  be  wound  round  the  axis. 
Secondly,  replace  oa  the  winding  machine  the  bobbin  of 
No.  20  wire  by  the  bobbin  of  No.  28  ailk-covered,  and 
wind  on  about  300  turns.  Paraffin  will  not  be  reijuired 
with  this  wire,  the  insulation  of  tlie  silk  being  EiUfieiently 
good  if  the  wire  be  not  roughly  handled.  Should  any  bare 
places  appear  tJiey  should  be  covered  with  tissue  paper  that 
has  been  steeped  in  paraffin. 

The  free  ends  of  the  wires  should  be  dipped  in  paraffin, 
and  they  should  be  run  together  so  as  to  leave  the  reel  at 
the  same  place.  A  piece  of  ribbon  is  wound  round  the 
reel  to  keep  the  wire  in  its  place  and  as  a  protection  from 

//. — Fit  together  the  woodwork,  screw  the  pillar  to 
the  base,  fasten  the  reel  on  tlie  top  of  the  pillar  by  brackets 
of  Bine  or  brass,  run  the  wires  down  through  the  hole  in  the 
pillar  and  through  that  in  the  base,  solder  the  end  of  the 
No.  20  wire,  and  the  beginning  of  the  No.  28  to  the  same 
binding  screw,  the  other  ends  going  to  separate  binding 
screws  placed  one  on  each  side  of  the  common  binding 
screw;  thus  the  three  screws  will  serve  for  the  two  coUs, 
and  by  using  the  extreme  screws,  the  two  coils  may  be 
used  in  conjuuction.  It  is  best  to  first  solder  short  lengths 
of  wire  to  the  shanks  of  the  binding  screws  before  passing 
them  through  the  holes  in  the  base,  and  then  solder  the 
ends  of  these  wires  to  the  free  ends  of  the  coils,  for  it  is 
difficult  to  solder  the  latter  directly  to  the  short  shanks  of 
the  binding  screws.  The  base  may  either  be  supported 
by  levelling  screws  (three  window-fasteners  do  very  well) 
or  raised  until  it  is  horizontal  by  means  of  three  small 
wooden  feet 

///, — The  next  thing  will  be  to  make  the  needle. 
Harden  and  magnetise  J  inch  of  watch  spring,  and  fix 
it  to  the  back  of  a  small  mirror  by  wax.  Cut  out  a 
piece  of  aluminium  foil  in  diamond  shape,  leaving  a  tag 
to  which  the  mirror  must  be  fixed.     The  completed  needle 
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is  Been  iu  Fig.  44,  where  the  circular  glass  mirror,  tlie 
horizontal  magnet,  and  the  diamond- shaped  aluminium 
damper — all  these  being  in  the  same  plane^will  be  recog- 
nised, A  hole  must  be  pierced  in  the  end  of  the  tag  with 
a  small  needle  for  the  reception  of  the  suspending  fibre, 

IV. — Fix  a  small  piece  of  wire  to  the  inner  portion  of 
the  plug  K  (Fig.  44),  and  suspend  the  needle  from  it  by 
means  of  a  single  fibre  of  cocoon  silk.  This  operation  ia 
one  requiring  considerable  skill  and  care ;  it  does  not, 
however,  require  special  description. 

V. — ^Next  arrange  the  cork  with  the  directing  magnet 
on  the  tod.     Put  in  the  window  with  a  little  putty. 

VI. — Fasten  the  scale  together,  stretch  a  wu-e  across 
the  hole,  and  glue  the  paper  scale  upon  the  cross-piece. 

Settmg  vp  of  Galvanometer  and  SaUe. — ^Phwie  the  instru- 
ment in  the  magnetic  meridian,  and  set  the  scale  about  2 
feet  away,  the  centre  of  the  scale  being  opposite  to  the 
mirror  and  parallel  to  it.  Raise  the  galvanometer  or  scale, 
and  bend  the  aluminium  support  of  the  needle  slightly,  if 
necessary,  until  the  reflection  from  the  mirror  falls  on  the 
scale.  Focus  by  means  of  the  lens  until  a  distinct  image 
of  the  wire  is  obtained  in  the  middle  of  the  image  of  the 
hole  upon  the  scale.  Bring  this  image  to  the  middle  of  tlie 
scale  by  turning  the  directing  magnet.  The  instrument 
will  now  he  ready  for  usei 

36.  Use  of  Box  of  CoUs. — It  is  necessary  in  many 
experiments  to  have  the  means  of  varying  by  degrees  the 
amount  of  resistance  iu  a  galvanic  circuit.  A  box  of 
coils  arranged  in  series  is  generally  used  for  this  purpose 
whenever  the  requisite  variation  is  capable  of  being  made 
by  steps,  none  of  which  are  less  than  a  unit  of  resistance. 
Fig.  47  exhibits  the  interior  of  such  a  box  of  coils  as  usually 
arranged,  so  as  to  serve  the  double  pui-poso  of  a  resistance 
box  and  a  Wheatstone's  bridge.  In  the  present  lesson  it 
Ib    only    required  for    the   former    purpose.      A  plan   of 
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the  arrangement  of  the  coils  is  seen  in  Fig.  48.  On  a 
block  of  ebonite  ahcd  there  are  mounted  a  good  many- 
thick  brass   connecting  pieces   distributed  lu  three  rows, 


somewhat  iii  the  shape  of  the  letter  S.  The  parts  AB,  BC 
are  known  as  the  Prt^oriioiial  Arms.  These  are  con- 
nected   mth  the  Mheuslal    Arms    DEF    by    means    of    a 


I  brass  piecu  CiJ,  uiuiJJu  at  itltasutu  by  unscrewing  its 
I  damp  screws  at  C  and  D.  At  A,  B,  C,  D,  E  and  F  are 
E  binding  screws.     Between  each  of  the  brass  pieces  there  is 
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a.  space  into  which  a  well-fitting  brass  plug  or  stopper  may 
be  placed  so  as  to  make  perfect  metallic  contact  from  the 
one  piece  to  the  other.  The  plugs  may  be  inserted  or 
removed  at  pleasure,  being  provided  with  an  ebonite 
handle  for  the  purpose.  The  holes  and  plugs  are  all 
exactly  similar,  so  that  any  plug  would  fit  any  hole.  On 
the  inside  of  the  ebonite  lid  there  are  bobbins  for  holding 
the  wire.  Each  bobbin  cooaists  of  a  brass  tube  covered 
with  a  layer  of  paper.  It  is  provided  at  each  end  with 
an  ebonite  disc.  The  bobbin  is  kept  in  position  by  two 
screws  which  pass  through  the  lower  ebonite  disc.  T 
screws  are  each  in  connection  with  the  wire  of  the  bobbin 
below  and  with  the  corresponding  brass  segment  on  the 
upper  side  of  the  ebonite  lid  ;  but  they  may  be  separated 
from  the  latter  if  necessary  by  unfastening  two  small 
screws.  Usually,  however,  the  screw  joints  at  these 
points  are  soldered  in  order  to  render  the  contact  more 

The  wire  employed  for  these  resistances  is  of  German 
silver,^  selected  both  on  account  of  its  high  resistance  and 
the  small  variation  of  this  due  to  change  of  temperature. 
The  wire  is  covered  with  one  or  two  layers  of  white  silk. 
Id  winding  the  wire  is  doubled  upon  itself,  and  then 
wound  so  doubled.  This  method  is  adopted  in  order  to 
avoid  sdf-iiulucthn,  and  also  to  avoid  any  electro-rnagnelie 
effect  which  might  vitiate  the  galvanometer  readings. 
These  are  terms  which  will  be  afterwards  explained.  For 
the  lower  resistances  thick  wires  are  employed,  in 
order  that  a  great  length  of  wire  may  be  obtained, 
and  thus  a  more  exact  adjustment  secured.  Further- 
more, the  lower  resistances  may  be  subjected  to  greater 
heat  than  the  higher  resistances.  The  actual  sizes  of  the 
wires  used  In  the  rheostat  arm  are  exhibited  in  the  follow- 
ing table ; — 


lickel. 


ts  vS  copper,  2a  to  30 


4 
4 
4 
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60  -022  5000  005 

The  resietancea  of  the  various  proportional  arras  are  10, 
100,  1000,  the  sizes  of  wire  as  given  above  being  used  for 
these  resistances. 

The  student  will  understand  that  a  set  of  standard 
reeistances  plays  in  the  measurements  of  resistance  the 
Bame  part  that  a  set  of  standard  raasses  plays  in  the 
a  of  mass. 


37.  Care  and  Use  nf  the  Box  of  Cm7s.— The  success  of 
Bome  of  the  Euhsequent  measurements  will  depend  largely 
upon  the  observance  of  the  following  precautions  ;  (1.)  The 
ebonite  should  be  free  from  dust,  etc.,  especially  in  the 
intervals  between  the  brass  pieces.  A  Httle  paraffin  oil 
should  be  rubbed  over  the  surface  when  it  is  cleaned,  (2.) 
The  plugs  should  be  bright  and  free  from  grease.  They  must 
be  made  so  as  to  fit  well  into  their  places,  and  they  should  be 
tightenedbymeans  of  ft  screw  motion.  Occasionally  they  may 
be  just  touched  with  the  finest  emery  paper,  but  this  should 
be  done  as  seldom  as  possible,  for  otherwise  the  plugs  may 
become  loose  in  their  holes.  (3.)  The  connecting  pieces 
and  the  surfaces  of  the  connecting  screws  should  be  bright 
and  clean,  and  the  screws  should  be  firmly  screwed  in  their 
places.  It  is  hardly  necessary  to  remind  the  student  that 
when  a  plug  is  inserted  into  its  hole  between  two  brass 
segments,  the  result  is  that  the  current  virtually  passes 
through  these  segments  and  through  the  plug,  which  present 
very  small  resistance,  and  not  sensibly  through  the  bobbin 

VOL.  II.  U 
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which  ia  underneath.     When,  however,  the  plug  is  with- 
drawn, the  cuiTQDt  must  all  pass  through  the  hobbin. 

38.  Figure  of  Mml. — In  order  to  express  the  sensibility 
of  a  galvanometer  in  measurable  terms,  it  is  usual  to  deter- 
mine the  current  in  amperes  which  will  be  required  to 
produce  a  deflection  on  the  scale  of  one  division. 

The  current  required  ia  called  the  Figure  oj  Msril.  This 
current,  and  therefore  the  figure  of  meri^  will  depend 
upon  the  position  of  the  directing  magnet,  and  also  upon 
the  distance  of  the  scale  from  the  galvanometer.  It  is 
desirable  that  the  scale  should  be  kept  at  a  fixed  distance 
from  the  galvanometer,  eo  that  it  is  the  position  of  the 
directing  magnet  that  will  have  to  be  raised  or  lowered  in 
order  to  obtain  the  required  sensibility. 


Lesson  XVIII, — PigTire  of  Merit  of  Galvanometer. 

39.  Apparatiis. — A  mirror  galvanometer  and  its  acces- 
sories, a  box  of  coils,  a  Daniell's  cell,  a  plug  key  (Fig.  4Q). 


Method. — For  the  purpose  of  this  lesson  it  will  be 
necessary  to  obtain  approximate  values  of  the  resistance  of 
the  battery  and  of  the  galvanometer. 

Reidslance  of  llie  Gahim</meler. — Make  connections  as  in 
Fig.  50,  where  B  is  the  battery,  K  a  plug  key,  G  the 
galvanometer,  K  the  box  of  coils,  and  S  a  shunt,  or  in  other 
words,  a  short  piece  of  wire  placed  so  as  to  siuni-drcuU  the 


fim.] 
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battery  at  pleasure.  When  the  shunt  is  ot  sufficiently  small 
reeiataace,  the  deflection  of  the  galvanometer  may  be  reduced 
readable  amount.  Furthermorej  the  comUned  reliance 
of  the  battery  and  shunt  will  be  so  small,  that  in  comparison 
with  that  of  the  rest  of  the  circuit  it  may  be  neglected.  If 
now  reaUtance  bo  introduced  into  the  lower  part  of  tbe 
circuit  by  taking  plugs  out  of  the  resistance  bos  until  the 
original  deflection  is  halved,  we  shall  know  that  the  total 
teaiatance  has  been  doubled,  so  that  the  added  resistance 
must  be  equal  to  that  of  the  galvanometer.  For  it  will  be 
seen  at  once  that  the  great  body  of  the  current  will  go 
by  the  short-circuit,  and  that  this  will  not  he  appreciably 
affected  by  increasing  the  resistance  by  the  withdrawal 
of  pings  from  the  box  of  coils.  Thus  the  difference 
of  electromotive  force  at  the  extremities  of  the  shunt 
wire  may  be  regarded  as  constant,  and  hence  the  current 
jn  the  main  circuit  will  be  inversely  proportional  to  the 


Uesisiance  of  the  Battery. -—To  determine  this  the  same 
principle  is  applied,  only  the  shunt  is  now  transferred  (Fig. 
51)  to  the  galvanometer.  Here  the  resistance  of  tlie  gal- 
vanometer being  very  great  compared  to  that  of  the  shunt, 
the  great  body  of  the  current  will  go  through  the  circuit 
and  shunt,  and  only  a  very  small  portion  of  it  through  the 
galvanometer.  The  intensity  of  the  current  will  therefore 
be  virtually  regulated  by  the  resistance  of  the  circuit  and 
shunt,  and  this  intensity  will  of  course  be  recorded  by  the 
galvanometer.  Thus  by  this  arrangement  the  galvanometer 
records  the  strength  of  the  current,  bub  does  not  sensibly 
interfere  with  it.  Now  let  us  introduce,  by  means  of  the 
box  of  coils,  resistance  until  the  deflection  of  the  galvan- 
ometer ia  halved;  this  means  that  the  current  is  halved, 
and  that  the  resistance  of  the  whole  circuit  is  doubled. 
Hence  the  additional  resistance  introduced  must  be  equal 

it  the  battery,  as  the  joint  resistance  of  shunt  and 

aeter  is  negligible. 
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In  making  these  testa,  if  the  battery  should  vary,  tho 
results  will  be  affected.     It  is  therefore  important  to  make 
the  tests    quickly,   and    the    battery  circuit    should    only 
remain   closed  while    the    tests   are    being  made.      More    i 
especially  is  this  true  when  the  battery  is  short-circuited,    ] 
for  it  is  a  rule  that  the  smaller  the  resistance  of  the  circuit   | 
the  more  hable  is  the  battery  to  be  iDconstant^ 

Figure  of  Merit. — Make  connections  as  in  Fig.  52.     Em- 
ploy resistances  so  as  to  give  successively  deflections  of  1 
about  150,  100,  and  50  divisions. 


Divide  the  electromotive  power  of  the  battery  in  volta 
(a  Darnell's  cell  with  E.  M.  F.  =  1  "08  volt  approximately) 
by  the  total  resistance  in  ohms  of  the  circuit.  This  will 
give  the  current  in  amperes,  which,  when  divided  by  the 
deflection,  will  give  the  figure  of  merit  required. 

Example — Resistance  of  Galvammetcr. — To  reduce  defleo-   ] 
tion  from  240  to  120  divisions,  9  ohms  were  required, 
which  is  the  resistance  of  the  galvanometer. 

Mesislance  of  Bailery. — To  reduce  from  220  to  110,  3 
ohms  were  required. 

Fiffure  of  Merit — 


■00000243 
-DD00024S 
■00000249 


UI.] 
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The  dirscting  magnet  h&d  its  north  pole  to' north,  and 
I  was  placed  at  the  top  of  the  support. 

40.  Determination  of  E.  M.  F. — Unless  we  are  provided 
I  with  standards  of  E.  M.  F.,  it  will  be  difficult  to  determine 
I  the  E.  M.  F.  of  a  cell  in  volts.  No  official  standard  has  been 
[  yet  issued,  The  host  available  is  a  cell  of  Latimer  Clark's 
[  constraction,  as  will  be  explained  in  a  later  chapter. 

I  Lesson  XIX.— Comparieon  of  Electromotive  Forces 
by  the  High  Besistaooe  Method. 

41.  Exerdse. — To  compare  together  the  electromotive 
[  force  of  various  cells. 

Apparatm. — A  coil  of  high  resistance — at  least  6000 
[  ohms,  a  mirror  galvanometer  and  its  accessories. 

Method. — This  consists  simply  in  observing  the  deflec- 
tions produced  when  the  high  resistance  is  in  circuit. 

Theory  of  the  Method. — Let  E,"be  the  electromotive  force 
of  one  of  tiie  cells  (say  a  Daniell's  cell),  and  E,  that  of 
another  cell  (say  one  of  Bunsen's).  Also  let  B,  and  B,  be 
the  respective  resistances  of  these  cells,  while  R  is  the 
resistance  of  the  external  circuit,  including  the  galran- 
ometer.  When  the  Daniell's  cell  is  in  circuit  we  shall 
I  have,  by  Ohm's  law, 


L-ftnd  when  the  Bqi 


s  cell  is  in  circuit  we  shall  have 


I  hence 


Cj-.C.,:: 


I  Now  if  R  be  very  great  compared  to  I 
r  taon  will  virtually  become  (since  Ei  +  R 


or  Bj,  this  propor- 
i  sensibly  the  same 


I 


I 
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In  other  Trords,  the  electromotive  forces  are  to  one  another 
the  Guue  proportion  ae  the  currents,  that  ia  to  say  in 
the  same  proportion  as  the  deflections  produced. 

The  liigher  the  resistance  E  the  more  accurate  will  be 
this  method-  To  obtain  an  idea  of  the  error  produced  let 
us  im^ine  that  the  observed  deflections  are  100  and  200 
divisions.  This  will,  according  to  formula  (3),  also  be  the 
ratios  between  the  electromotive  forces.  But  if  the  re- 
sistance of  the  batteries  be  respectively  6  ohms  and  0'5 
ohm,  and  E  be  =  5000  ohms,  -we  shall  have  by  formula  ( 1 ) 

E. :  E,  :  :-^  ■  ktI^  ■  ■  ^OfOSO  :  1001000  : :  1  ;  2-002, 
'   '   6005  5000  3 

or  almost  exactly  the  same  as  before. 

£aa/npk— Standard  cell  (E.  M.  F.  =  1-46  volt)  gave  190 
divisions  of  deflection  through  20,000  ohms.  With  the 
same  resistance  the  resulte  ynih  other  cells  were 

Daaiell.       148  divisiona,   hence   E.    M.    F.=^  ^^„'"-=l-lJ  vnlta 
Bichromate,  280         „  ,.  ,.         = — :rj7fr—-2-m     ,, 


Lesson  XX. — Proof  of  Ohm's  Law, 

42.  Apparatus. — ^A  mirror  galvanometer ;  a  coil  of  No. 
40  Gierman-silver  wire  at  least  5000  ohms  in  resistance  ■ 
two  small  plates  of  copper  having  binding  screws  soldered 
to  them,  and  fixed  to  a  board  bo  that  their  inner  edges  are 
just  a  mfetre  apart;  a  German-silver  wire  (No.  36)  which 
is  stretched  tight  along  the  board  and  soldered  to  the 
copper  plates;  a  key  or  commutator;  a  few  cells  of  a 
constant  battery  will  likewise  be  rei^uired. 

Method. — Make  connections  as  shown  in  Pig,  53,  in 
which  B  is  the  battery,  K  the  key,  G  the  galvanometer, 
R  the  high  resistance,  PQ  the  German-silver  wire.  The 
unconnected    end    of    the    wire    leading    from    the    higli 
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^H  resistance  sliould  be  filed  into  a  wedge  shape,  and  then 
^B  thrust  through  a  cork,  which  is  inteuded  to  serve  as  a 
^*  handle  and  prevent  the  temperature  of  the  observer's 
hand  from  affecting  the  wire.  Observations  are  made 
in  the  following  order:  ]ilace  the  free  end  at  different 
points  along  the  wire,  and  read  the  deflection  produced 
at  each  point;  reverse  the  poles  of  the  battery,  and 
then  repeat  the  observations  in  the  opposite  order.  The 
I  two  results  may  be  somewhat  different,  owing  to  possible 
'  variation  in  the  strength  of  the  current,  The  mean  should 
therefore  be  taken. 


Now  if  the  differences  of  pot«ntial  or  electromotive  force 
iong  the  wire  are,  as  Ohm's  law  would  indicate,  proportional 
to  the  resistances,  that  is  to  say,  to  the  length  of  wire  between 
the  two  points  at  which  the  i)otenlial  is  taken  or  tapped,  it 
followsthat  the  number  expressing  thisresistanceshould  have 
a  constant  ratio  to  that  espressin  g  the  difference  of  potential. 
But  the  difference  of  potential  will  be  expressed  by  the 
current  of  the  galvanometer  which  it  produces,  so  that 
ultimately  this  current  will  be  proportional  to  the  distance 
between  P  and  the  free  end  of  the  galvanometer  wire, 

That  this  proportion  holds  fairly  well  will  be  seen  from 
the  following  seriea  of  exjjeriments.     But  before  exhibiting 


104 


I'KACTICAL  rtlYSICS. 


this  series  we  would  remark  that  tlie  galvanometer  circuit 
is  to  be  here  regarded  as  one  which  taps  tlie  main  circuit 
above  the  wire  aud  iudicatea  the  difference  in  potential  by 
means  of  the  deflection  produced,  without  sensibly  inter- 
fering with  this  main  current. 
Example. — 


KadlngonPQ. 

Df^Qectlon. 

(I) 

■■ 

n. 

m™  (S). 

m 

10 
90 
30 
40 
50 
GO 
70 
80 
BO 
100 

11 
24 
37 

4a 

SO 
70 
82 
9i 

loa 

118 

12 

24 

35-6 

47-6 

6B-B 

70 '6 

S2 

94 

106 

118 

11 
24 
36 
47 
59 
70 
82 
94 
106 
118 

5 
0 
3 
8 

8 

0 
0 
0 
0 

1-150 
1-200 
1-210 
1-lBS 

1-171 

ri7i 

1'174 
1-178 
riso 

I 


nf  thi=    lopsnn    mny  hppt   hr    represented 


SBBaaaas! 

nESSSSS'SaSIBSS 

■■■■S'hSSSSBSS 

■nssBssssSwii 

I 


graphically.     Let  the  line  of  ahacisssc  or  Loriaontal  line 
represent  distances  on   the  wire,  and  the  liDe  of  ordinatee 
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the  observed  potentials  at  these  points.  On  plotting  the 
observations  (see  Vol.  I.  p.  275)  we  obtain  a  nearly 
straight  line  (Fig.  54).  This  shows  at  once  that  the  fall 
of  potential  between  two  points  is  proportional  to  the 
resistance  between  these  points.  This  method  of  recording 
results  will  enable  the  student  to  understand  the  principle 
of  Wheatstone's  Bridge. 

43.  Wheatstone's  Bridge. — Suppose  that  OAC  and  O'A'C 
(Fig.  55)  are  two  wires  whose  resistances  are  represented  by 


Fig.  55.— Theory  of  Wheatstone's  Bridge. 

their  lengths.  Let  their  ends  be  connected  by  thick  copper 
pieces,  00'  and  CPC,  of  which  the  resistances  may  be 
neglected.  We  shall  suppose  that  a  battery  is  connected 
with  00'  and  CPC,  whereby  these  parts  are  kept  at  a 
constant  difference  of  potential,  represented  by  the  equal 
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lines  CD  and  CD'  (the  potential  at  00'  being  supposed  for 
convenience  equal  to  zero).  The  fall  of  potential  along  the 
wires  will  be  given  by  OBD  and  O'B'D'.  Take  any  point  A 
in  OC  and  find  the  potential  at  this  point  by  erecting  an 
ordinate  AB.  Now  a  corresponding  point  A'  can  be  formed 
along  O'C,  such  that  the  potential  A'B'  at  this  point  shall 
be  equal  to  AB.  In  this  casd  a  galvanometer  connecting 
A  and  A'  would  not  indicate  any  current,  since  these  points 
being  at  equal  potentials  no  current  would  pass  from  the  one 
to  the  other  through  the  galvanometer.  But  under  these 
circumstances  what  must  be  the  relation  between  the 
resistances  OA,  AC,  O'A',  A'C  ?     We  have 


OA 
OC 


AB 
CD 


or 


OA 


O'A 


hence 


A;B'_o^A.' 

'' CD' "O'C *  "*  O A  +  AC    O'A' + A'C 

OA_0'A' 
AC  "A'C 


/  > 


This  is  the  principle  of  Wheatstone's  Bridge,  which  is 


usually  arranged  in  the  form  shown  in  Fig.  56,  where 
P,  Q,  E,  S  are  four  resistances.     If  these  be  in  the  ratio 
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,  then  the  galvanometer  will  not  be  affected  When 
this  adjustment  is  made  any  one  of  the  four  redBtanceB 
may  be  determined  if  the  other  three  are  known. 


Lesson  XXI. — The  Wbeatetons's  Brit^. 

44.  Apparatus. — A  mirror  galvanometer  with  its  acces- 
sories. A  slide  half-m6tre  Wheatstone's  bridge,  or  the  fol- 
lowing materials  fur  its  manufacture:  (1.)  Board  of  var- 
nished wood  3  feet  long,  4  inches  broad,  J  inch  thick.  (3.) 
Some  sheet  copper  jV  inch  thick  (3.)  Seven  telegraphic 
binding  screws.  (4.)  Uncovered  German-silver  wire,  2  feet 
long,  No.  28  B.  W.  G.  (5.)  A  half-m^tre  boxwood  scale 
^  inch  broad  and  ^  inch  thick.  This  should  be  divided 
along  one  edge  into  half  centimetres.  (6.)  Sixteen  ^  inch 
brass  screws.  (7.)  Two  small  pieces  of  copper,  J  inch 
square,  jV  i'"^li  thick, 

MeOutd  of  Manufaclwe. — Th-e  completed  bridge  is  shown 
in  Fig.  57.     At  CDE  and  FGH  are  L-shaped  pieces  «' 


sheet  copper,  each  provided  with  two  binding  screws.  AB 
is  a  straight  piece  of  copper  with  three  binding  screws. 
Between  K  and  H  is  the  boxwood  scale,  having  a  German- 
silver  wire  stretched  along  its  upper  surface  and  soldered 
to  the  copper  at  E  and  H.  In  making  the  bridge — 
(1.)  The  copper  strips  should  be  cut  out.  Fig.  58  shows 
their  shapes  and  dimensions.  They  will  require  to  bo 
drilled  with  holes  just  large  enough  to  receive  the  shank 
of  a  binding  screw  at  the  places  marked  with  large 
circles;  also  with  smaller  holes  at  the  places  shown, 
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order  to  receive  the  screws  for  fastening  the  coppers  to 
the  board.  (2.)  The  boxwood  ecale  must  be  screwed  down 
in  the  position  shown  in  Fig.  57,  the  heads  of  the  e 

ra  being  screwed  below  tlie  surface 
-  •-g.r'l  3   of    the    scale.     (3.)  The    1"    '    _ 

^  screws  must   he  soldered  to  the 
B    copper  straps.     This  operation  may 
3  be  performed  without  a  so' ' 
p.    jg  iron,  the  strips  being   heated    ia 

a  Eunsen's  flame.  Also  at  I' 
shaded  portion  of  the  L-shaped  pieces  a  square  piece  of 
copper  must  be  soldered,  in  order  that  the  leve!  of  the 
copper  may  be  brought  up  to  the  level  of  the  scale,  (i.) 
Bore  boles  in  the  wood  to  admit  the  shanks  of  the  binding 
screws,  then  fasten  the  copper  strips  down  by  means  of 
the  screws.  (5,)  One  end  of  about  2  feet  of  the  German- 
silver  wire,  wbich  must  not  bave  an  insulating  covering,^ 
is  to  be  soldered  to  E,  then,  the  other  end  being  held  by 
an  assistant,  the  wire  must  be  stretched  straight  along 
the  scale  and  then  soldered  at  H.  The  soldering  should  ba 
performed  by  means  of  a  small  iron,  and  care  should  be 
taken  that  the  wire  is  in  metallic  communication  with  the 
coppers  at  the  ends  of  the  scale. 

The  Biidge  Connedtmis. — Fig.  59  shows  the  uecessaiy 
arrangement  for  comparisons  of  resistance.  Here  the 
letters  correspond  with  those  of  Fig  56,  which  should 
be  first  drawn  by  the  student,  in  order  to  help  him  in 
making  his  connections.  It  will  ba  noticed  that  in  the 
arrangement  used  in  practice  R  and  S  are  varied  at  will 
by  sliding  the  battery  terminal  along  the  German-silver 
wire.  To  do  this  more  conveniently  the  battery  terminal 
ia  thrust  tlirough  a  cork  at  C,  and  the  end  of  the  wire 
ia  filed  into  a  wedge-shaped  form.  A  portion  of  the  cork 
may  be  cut  away  if  necessary,  so  that  it  may  be  held 
•  To  TBnwvo  silk  from  a  wire  witlioot  injury  to  tlie  wire,  it  should 
be  boiled  in  a  strong  aolntian  of  caustic  soda. 
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against  the  edge  of  the  base  board  as  it  is  moved  along. 
The  galvanometer  (G)  sliouid  "be  provided  with  a  simple 
shunt  (Sh)  for  lessening  its  senaibility  at  will. 


X         o     o 

Xj_^n^M^ 

^?   '       u^ 

OperaHons  loith  the  Bridge. — (1.)  Measure  8  feet  (i.e. 
four  times  the  length'  of  the  base  board)  of  No.  36  silk- 
covered  copper  wire.  Make  it  into  a  doubly  wound  spiral, 
and  connect  its  bared  ends  across  the  gap  P  of  the  bridge. 
Make  a  second  spiral  in  exactly  the  same  manner,  and 
connect  it  across  the  gap  Q.  Shunt  the  galvanometer,  and 
touch  the  end  F  of  the  bridge  with  the  free  battery 
terminal,  the  galvanometer  will  be  deflected,  say,  to  the 
right ;  now  touch  the  end  E  and  the  deflection  should  be 
to  the  left.  This  will  eIjow  that  the  connections  are 
correct,  that  the  contacts  at  P  and  Q  are  good,  and  that 
neither  of  the  spirals  is  broken.  Find  roughly  the  position 
at  which  the  galvanometer  shows  no  deflection,  then  remove 
the  shunt  and  obtain  the  position  of  equilibrium  more 
accurately.  Call  the  position  of  equilibrium  «,  then,  since 
the  bridge  may  be  considered  to  be  divided  into  1 000  parts, 
we  shall  have 


Example. — The  bridge  reading  is  499,  hence 


I 

^^B         Example.— 


Q    1000-499     GOl    1'004 
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or  P  is  very  nearly  equal  to  Q.     (^.)  Make  a  third  spiral 
of  8  feet  of  No.  36,  place  it  in  tlie  same  screw  holes  aa 
the  spiral  at  P,  so  that  the  two  spirals  are  in  multiple  are. 
Now  compare  the  two  resistances. 
Example.— 


or  the  wires  in  multiple  arc  have  only  half  the  resistance 
of  the  single  wire.     (3.)  Place  the  two  spirals  at  P  in  J 
series  by  connecting  their  ends  by  small  clampe,  and  again  I 
compare  the  resistances. 
Exawph, — 

".  =  608  1000 -([  =  332 

tj     332~ 

showing  that  the  effect  of  doubling  the  length  of  the  wire 
is  to  double  the  resistance.  (4.)  Take  8  feet  of  No.  28 
copper  wire  for  Q  and  balance  it  against  8  feet  of  No.  36 
for  P.  Find  the  average  diameter  of  both  wii'es  by  the 
micrometer-calliper  or  the  microscope  (the  latter  preferred). 
Example. — 

n^Sla  1000-rt  =  18] 

DiaiODters— No.  28  -  -OlS  mcli ;  No.  36=  '007  inch. 
quiuB  of  ftiameter,  ITo.  53  _  '000225  _ 
Squacc  of  iliamater,  No.  36~  ■0000*9" 


from  which  we  see  that  the  resistance  v 
the  square  of  the  diameter. 


i  inversely  a 


Lesson  XXII. — Manufacture  of  a  One-Ohm  Coil 
45.  Apparatus. — The  saoie  as  before,   with  the  addi- 
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tioii   of  some    siik-covared  German -silver  wire,  No.    28 
I.  W.  G.;  materinla  for  mounting  the  coil,  and  a  staadard 

Metlujd. — Cut  off  one  metre  length  of  the  wire  and 
bieasure  its  resistance,  then  calculate  what  should  be  the 
length  to  give  one  ohm  reEistance.  From  the  total  length 
iut  off  a  piece  rather  greater  tlian  the  calculated  length, 
tnd  proceed  to  mount  it  with  attached  terminals  for 
Hnture  use.  The  methods  of  mounting  that  might  be 
^dopted  are  very  various.     In  Fig.  60  we  have  one  of  the 


-^gzzzzz^ 


^s^ 


[^ 


/^ 


of  these.  Here  a!>  is  a  flat  piece  oi  wood,  notched 
along  its  two  edgea.      The  wire  is  wound  between    the 

■notches,  and  the  ends  are  soldered  to  two  copper  strips  c 
and  c*.  Each  copper  strip  must  have  a  small  hole  h  through 
which  the  German-silver  wire  may  be  passed  befoi-e  it  is 
ultimately  soldered  to  the  copper  ;  also  a  hole  for  a  screw  s 

Efor  securing  the  copper  to  the  wood,  and  a  notch  n  which  fits 
the  binding  screw  of  the  bridge.     Eibbon  or  tape  is  wound 

^pntside  the  wire  for  protection,  its  ends  being  secured  by 
mall  tacks.     The  wire  having  been  mounted  must  have 

|itB  resistance  tested ;  if  this  should  be  found  to  be  rather 
too  great  the  wire  should  be  unsoldered  at  one  end,  drawn 
"  rough  the  small  hole  in  the  copper,  and  again  soldered. 
Side  adjustment  must  be  repeated  if  necessary.  It  is  not, 
powever,  desirable  to  spend  much  time  in  making  an  exact 
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adjustment,  but  when  this  is  sufficiently  good  the  resistance 
should  be  measured  as  exactly  as  possible,  and  its  value 
recorded  on  the  'wood. 

Example.  —  One  mfetre  of  the  wire  gave  against  the 
standard  ohm  a  balance  on  the  bridge  at  52,  hence  its 
resistance  was  j^qJ^^  =  1'083  ohm.  Hence  the  length  of 
1  ohm  in  millimetres  wOl  be  ^^^-^  =  933  miliim^tres.  A 
piece  925  mm,  was  cut  off  and  mounted,  as  described;  its 
resistance  was  found  rather  too  great.  On  reducing  the 
length  about  I'S  mm.  it  was  found  to  be  almost  an  ohm. 


Lesson  XXIIa. ^Calibration  of  Oalvanosoope. 

46i(.  Apparatus.— Tha.t  of  Lessons  XVIII.,  XIX.,  and 
XXL ;  also  a  Bunsen's  or  a  Grove's  cell 

J/ciAorf.^1.)  Charge  the  cell  and  compare  its  E.  M.  F. 
with  that  of  a  standard  cell  by  Lesson  XIX.  (2.)  Measure 
the  resistance  of  the  galvanoscope  by  Lesson  XXI.  (3.) 
Measure  the  internal  reeiBtanco  of  the  cell  by  Lesson 
XVIII.  (i.)  Connect  the  cell,  Iwx  of  coils,  and  galvan- 
oscope in  series,  and  take  readings  of  the  latter  with  dif- 
ferent refiiatanccB  in  the  circuit.  (5.)  Calculate  the  current 
in  amperes  producing  the  different  deflections.  Draw  a 
table  up  for  use  with  the  tnstrnraent ;  also  plot  a  curve 
showing  the  relation  between   the   currents   and   deflec- 

EmmpU. — A  vertical  galvanoscope  was  calibrated. 


I 


K.  M.  F.  of  cell 

Kcaistanqo  of  tell  = 

ReaiBtniice  of  giilvano.scopc  = 

If  B  be  the  resistance  from  box  o. 
0  in  amperes  will  be  C  =  b^-J'^bt. 
ciliated  the  following  table : — 


1-87  volt.  I 

"25  ohm,  nearly. 
9*75  ohma. 

coils,  then  the  current 
from  which  was  cal- 
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R 

C. 

Deflection. 

0 

•187 

75 

1 

•170 

73 

3 

•144 

69 

5 

•125 

65 

10 

•0935 

58 

16 

•0748 

51 

20 

•0623 

45 

30 

•0467 

37 

50 

•0311 

25 

100 

•0170 

13 

200 

•0089 

7 

The  curve  plotted  from  these  numbers  was  regular. 
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CHAPTER  IV. 

THE  MEASUREMENT  OF  RESISTANCE. 

46.  Definitions. — ^The  problem  of  measuring  resistance  con- 
sists practically  in  ascertaining  its  value  in  terms  of  the 
ohm  or  other  unit  between  any  two  points  of  a  material  at 
any  stated  temperature.  K  the  material  be  of  uniform 
section,  such  as  a  wire,  its  Specific  BesiBtance  or  the  re- 
sistance at  0°  C.  between  the  opposite  faces  of  a  cube  whose 
side  is  of  unit  length  may  be  readily  found,  for  since  the 
resistance  H  is  directly  proportional  to  the  length  Z,  and 
inversely  proportional  to  the  area  of  cross-section  a,  and 
otherwise  depends  only  on  a  constant  /»,  which  expresses 
the  specific  resistance,  we  must  have : — 

or 

aR  ,- . 

P=T ^^) 

For  example,  if  the  resistance  of  3  metres  of  copper  wire 
of  No.  28  S.  W.  G.  be  -435  ohm  at  0°  C,  and  if  the  cross- 
section  be  •00111  sq.  cm.,  we  have  in  C.  G.  S.  units  (see 
Appendix), 

•435  xlO»x -00111     -^^^. 
^= 300 =^^^^*^- 

If  the  equation  giving  p  were  expressed  in  ohms  in- 
stead of  absolute  units,  the  value  would  bel609'5xlO"®, 
an  extremely  small  value.     It  is  customary  to  express  it 
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instead  in  microhms  or  millionths  of  an  oJim.     The  value 
in  microhms  ivill  be 

16(l9'5J!l0-»xlO'  =  l-6095. 

The  Bpecific  resistance  of  a  substance  may  be  defined 
with  reference  to  weight  in  the  following  terms  :  The 
specific  resistance  is  that  of  a  unit  length  of  the  substance 
formed  into  a  wire  of  such  a  thickness  that  it  ia  of  unit 
weight.  The  value  bo  obtained  would  differ  from  p.  This 
method  of  definition  has  the  advantage  that  the  weighing 
■  s  ia  a  more  accurate  and  less  troublesome  process 
than  the  determination  of  its  diameter,  which  in  any  case 
ought  to  be  determined  from  the  weight  The  information 
it  supplies  ia  also  useful  in  selecting  a  material  whose  resist- 
ance for  unit  length  and  unit  weight  shall  be  a  minimum. 
Nevertheless  in  the  following  lesaona  the  usual  definition 
*  specific  resistance  will  be  adopted. 

Instead  of  expressing  the  resistance  of  thick  wires  in 
terms  of  ohms.  Sir  Wm.  Thomson  prefers  to  express  the 
conducliviiy  in  terms  of  the  MHO  (ohm  written  backwards), 
which  he  defines  as  the  unit  of  conductivity,  being  the 
reciprocal  of  the  unit  of  resistanca  Thus  a  resistance-  of  n 
ohms  would  have  a  cmdnclivitif  of  ^  mhoa.  For  example,  a 
m^tre  of  No.  0,  S.  W.  G.  copper  wire,  with  a  resistance  of 
'000322  ohm,  would  have  a  conductivity  of  3107  mhos. 
This  device  thus  avoids  the  use  of  small  numbers  when 
low  resistances  are  being  measured. 

Frequently  a  certain  substance  is  selected  as  a  standard 
one,  and  the  resistances  or  conductivities  of  other  materials 
essed  in  terms  of  this  standard.  The  ratio  is 
known  as  the  Relative  Besistanoe,  or  BelatiTe  Con- 
ductivity. The  standard  substance  is  usually  silver  or 
mercury  in  the  state  of  purity,  the  latter  being  much 
preferable,  since  different  specimens  of  pure  silver  may 
vary  considerably. 

The  following  table  gives  the  specific  and  relative  con- 
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ductivities  of  a  number  of   commonly  occurring   metals 
and  alloys : — 

Table  F. 

Spboifio  and  Relative  Conductivity  of  Metals  and  Alloys 

AT  0"  C. 


Resistance  in  Micr- 

Resistance in 

Approximate 
Relative 

ohms  between 

Ohmn  of  wire 

opposite  fkces 

1  m6tre  long 

Conductivity, 

of  centimetre 

and  weighing 

Mercury  unity. 

cube. 

1  gramme. 

Mean  values. 

Silver,  annealed 

1-521 

•1544 

63 

Copper         ,,     . 
Gold             ,,     . 

1-616 

-1440 

59 

2-081 

•4080 

44 

Aluminium  „     . 

2-945 

•0757 

31 

Zinc,  pressed     . 

5-689 

•4067 

16 

Platinum,  annealed    . 

9-158 

1-96 

10 

Iron               ,,    . 

9-825 

•7654 

9^2 

Tin,  pressed 

13-36 

•9738 

8-2 

Lead       „ 

19-85 

2^267 

4-6 

Mercury,  liquid 
Platinum-si  ver,   hard 

99-74 

13-06 

1-0 

or  annealed     . 

24-66 

2-959 

3-7 

German-silver,  hard  or 

annealed 

21-17 

1-860 

4-2 

Gold-silver,     hard    or 

annealed 

10-99 

1^668 

8^6 

Brass 

5-8 

•  •  • 

17-2 

47.  Divisions  of  the  Chapter.— -The  work  of  this  chapter 
will  fall  under  the  following  heads  :— 

(1.)  Description  of  the  use  of  the  Box  of  Coils  as  a 
Wheatstone  Bridge. 

(2.)  Use  of  the  Differential  Galvanometer. 

(3.)  Use  of  Wheatstone  Bridges  with  Slide  Adjustment. 

(4.)  Determination  of  very  low  Eesistances. 

(5.)  Determination  of  very  high  Resistances. 

(6.)  Resistance  of  Batteries  and  Electrolytes. 

48.  DiffererU  hinds  of  Galvanometers, — In  each  of  these 
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reectioDS  a  galvanomet^ir,  usually  of  high  Benaibility,  will  be 
required.  Speaking  generally,  when  the  resistance  to  bo 
measured  is  high,  the  galvanometer  should  be  woond  with  a. 
large  number  of  turns  of  fine  wire,  and  therefore  must 
have  a  high  resistance ;  and  when  the  resistance  to  be 
measured  is  low,  the  galvanometer  should  have  a  low  re- 
sistance, and  consequently  must  be  wound  with  only  a 
limited  number  of  turns  of  thick  wire.  According  to  the 
purpose  desired  galvanometers  are  classed  as  : — 

1(1.)  High  Eesistance,  or  Long  Coil  Galvanometers. 
(2.)  Low  Eesistance,  or  Short  Coil  Galvanometers. 
An  instrument  of  either  type  may  be  wound  differeiitialhj, 
that  is  to  say,  be  provided  with  two  coils  of  exactly  similar 
construction,  and  placed  symmetrically  with  reference  to 
the  suspended  magnetic  system,  so  that  this  system  will  be 
uninfluenced  by  equal  currents  flowing  in  opposite  directions 
in  the  two  coUs. 

By  providing  a  galvanometer  with  many  coils  it  may  bu 
employed  either  as  a  high  or  a  low  resistance  galvanometer. 
Usually,  however,  instrument  makers  prefer  to  make  tho 
two  types  of  instrument  of  somewhat  different  construc- 
tion. The  next  lesson  will  describe  a  useful  form  of  high 
resistance  galvanometer  adapted  for  the  greater  portion  of 
the  work  of  this  chapter. 


Part  I. — Use  * 


■  Box  OF   C0IL.S   1 

Bridge. 


.  Wueatstone's 


Lesson  XXIIL — The  High  Besietance  Differential 
Astatic  Cialvauometer. 

49.  Exercise. — To  adjust  and  test  the  galvanometer. 

Apparalus. — The  galvanometer.  Fig.  61  shows  a  front 
view  of  tho  complete  inatnimeot,  while  Fig.  63  shows  the 
back  and  side  views  of  the  instrument  without  its  outer  case. 
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(ci)  The  Base. — A  round  ebonite  base  AB  is  provided 
with  three  levelling  screws,  a  circular  level  /,  and 


v.] 


THE  MEASUEEMENT  OF  RESISTANCE. 


(8)  The  Cdls  and  their  Supports. — From  the  base  rise  two 
brass  columns  j),p,  Bupporting  a  braBB  plate  a,  a  (Fig. 
62).  Against  the  back  face  and  also  against  the 
front  face  of  the  plate  are  screwed  four  coils  c,  c,  c,  c 
Three  of  these  are  of  the  same  construction,  but 
the  upper  back  coil  is  provided  with  a  Bubsidiary 


coil  d,  within  which  slides  a  small  adjusting  coil  e.' 
The  coils  are  held  in  their  places  by  brass  plates 
screwed  on  to  tlie  brass  framework.  The  wire  is 
wound  on  suitable  bobbins,  so  aa  to  be  heaped  up 
towards  the  centre.  This  is  done  with  the  view 
of  obtaining  the  maxinmni  effect  on  the  needle.^ 

'  The  purpoHe  of  d  and  c  is  to  make  the  upper  and  lower  coils  hare 
[  the  same  inaguetic  effect  when  Clio  insttiuuent  la  used  differentially 
^   '  -p.  U4). 

'  See  Jenkjn's  Electricity  and  Magnetism,  3d  edition,  p.  196. 
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Each  coil  has  a  central  aperture,  and  thd  edges  of 
the  wound  coils  are  protected  with  shellac, 
(y)  Tlie  Conneolions. — One  end  of  each  of  the  coils  is 
brought  into  connection  with  one  of  the  binding 
screws  on  the  base  of  the  instrument  by  means  of 
the  spirally  coiled  wires  seen  in  the  figures.  The 
other  ends  of  the  coils  are  put  into  connection  with 
the  screws  at  i,  i,  which  are  insulated  from  the 
main  framework,  and  where  also  the  two  ends  of 
the  secondary  coil  and  those  of  the  small  adjusting 
coU  are  brought.  The  connections  are  so  made 
that  when  a  battery  is  joined  to  the  main  ter- 
minals 1  and  4,  3  and  3  being  connected  together, 
the  coils  are  in  series,  and  all  unite  to  deflect  the 
needle  of  the  galvanometer  in  the  same  direction. 
This  is  exhibited  in  the  upper  diagram  of  Fig.  63, 


last 


Pig.  c 


where,  of  the  two  galvanometer  coils,  one  is  sup- 
posed to  extend  between  1  and  2,  and  the  other 
between  3  and  4.  But  when  the  battery  is  at  1 
and  3,  and  2  and  i  are  in  connection  with  each 
other,  as  shown  in  tlie  lower  diagram  of  the  same 
figure,  where  we  may  suppose  the  same  current  to 
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go  in  a  right-handed  tUreotion  betweeu  1  and  2, 
and  in  a  left-handed  direction  between  3  and  i, 
the  currents  in  the  coils  will  oppose  one  another, 
and  may  be  made  to  have  no  efi'ect  on  the  needle 
by  help  of  the  adjusting  coil  at  the  back.  For  the 
purpose  of  readUy  making  these  connections,  two 
brass  connecting  pieces  of  suitahle  length  are  usu- 
ally provided  with  the  galvanometer. 

(S)  The  Needle. — Fig.  64  gives  uh  the  front  and  side 
views  of  the  needle.  An  aluminium  wire  db  ia 
flattened  at  the  top  and  pierced  with  a  small  hole 
for  the  admission  of  a.  Bilk  fibre.  It  is  also  ilat- 
.  tened  at  the  part  ef,  where  a  light  concave  mirror 
is  attached  to  it.  Across  the  middle  of  the  mirror 
there  is  fastened  a  magnet,  ns.  A  second  magnet 
s'n'i  nearly  identical  in  aize,  shape,  and  magnetic 
strength  with  the  former,  is  placed  at  the  lower  end 
of  the  wire,  with  its  poles  in  the  opposite  direction 
to  those  of  ns.  This  is  called  an  astatic  system, 
since  it  possesses  very  little  directive  force  as  far 
as  the  earth's  msignetism  is  concerned.  It  is  usual 
to  adjust  the  system  so  that  when  freely  suspended 
the  face  of  the  mirror  should  look  towards  the  west. 
At  right  angles  to  the  lower  needle  is  an  aluminium 
vaae  al,  the  object  of  which  is  to  help  hy  its 
resistance  to  the  air  in  bringing  the  suspended 
system  more  rapidly  to  rest.  The  arrangement 
now  descrihed  ia  suspended  by  a  short  fibre,  con- 
sisting of  a  single  thread  of  cocoon  silk,  from  the 
end  of  a  brass  pin,  the  milled  head  of  which  is 
seen  at  H  (Fig.  62),  The  suspension  is  so  adjusted 
that  the  mirror  is  seen  through  the  centre  hole  h 
(Fig.  61)  in  the  upper  coil,  while  the  aluminium 
damper  and  lower  magnet  swing  within  the  opening 
h  of  the  lower  coil. 

(e)  Tlte  Case  and  Directing  Magnet. — The  instrument  is 
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covered  with  a  cylindrical  glass  case,  having  a.  brass 
top.  This  supports  a  vertical  brass  rod  rr,  in- 
tended to  hold  the  curved  directing  magnet  MN. 
The  latter  is  arranged  so  as  to  slide  up  and  down 
the  rod,  and  it  may  he  rotated  either  by  the  hand 
directly  or  by  the  help  of  the  alow  motion  screw  D, 
It  is  convenient  to  have  the  brass  rod  rr  graduated. 


(i)  Tfte  Scak. — Fig.  65  exhibits  a  convenient  form  of 
scale.      It  has  the  following  adjustments;  (1.)  it 
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ta&y  be  raised  or  lowered  and  clamped  in  the 
proper  poeition  by  means  of  the  screw  seen  at  a  ;  (2.) 
it  may  be  moved  horizontally  through  a  range  of 
about  two  inches  by  the  ecrew  6,  working  with  a 
rack  and  pinion  movement;  (3.)  the  scale  may  be 
shadowed  more  or  less  by  placing  the  hinged  top  I 
at  any  desired  angle,  at  which  it  may  be  clamped 
by  a,  screw.  At  d  there  ia  a  hollow  tube  in 
which  a  second  tuba  slides,  having  a  convex  lens 
of  6  inches  focal  length  at  one  end,  and  a  fine  wire 
stretched  across  the  tube  near  the  other  end.  The 
intention  of  this  is  to  bring  the  ima^e  of  the  fine 
wire  to  a  focus  in  the  m.iddle  of  the  itluminated 
circle  reflected  from  the  mirror  upon  the  scale.  The 
scale,  which  is  usually  of  well  varnished  paper, 
glued  to  the  wood,  had  better  be  graduated  in  half 
millimetres.  Many  scales,  however,  are  graduated 
in  fortieths  of  an  inch.  The  zero  of  the  scale  is 
generally  at  the  middle, 
(ij)  The  Lamp. — This  ia  an  ordinary  paraffin  lamp  L  pro- 
vided with  a  copper  chimney  wj,  having  a  plain  glass 
window  in  front  and  &  concave  mirror  behind. 
It  must  be  placed  on  the  ledge  behind  the  opening, 
with  the  edge  of  the  flame  towards  the  hole.  Its 
height  may  be  adjusted  by  sliding  the  wick-holder 
in  or  out  of  the  body  of  the  lamp.  The  exact 
placing  of  the  lamp  is  a  matter  of  much  conse- 
quence if  it  be  essential  to  obtain  a  well  illuminated 
image  of  the  wire.  It  may  be  desirable  to  add  that 
when  lighting  the  lamp,  after  raising  the  wick  by 
the  screw  provided  for  the  purpose,  and  after 
ming  and  lighting  the  wick,  the   latter  must 


1  screwed  down  f 


to  be  below  the  me^l 


,  lips  of  the  wick-holder.  The  chimney  should 
L'then  be  placed  on,  and  the  light  turned  up  until 
flame   ia    of   the    desired    height      This  will 
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ensure  the  proper    burning  of  the  vapour  of  th( 
paraffin. 

(In  setting  up  the  galvanometer  it  will  be  necessary 
to  have  a  magnetic  compasa  (ii  prismatic  one  being  the 
best),  a  iD^tre  scale,  a  T  square,  a  piece  of  plain  mirror, 
some  microscope  covering  glasses,  elastic  bands,  and 
chalk.) 

Position  of  the  Gdvanomefer  and  Scale. — The  galvanometer 
must  have  a  support  luiaffected  by  vibrations ;  the  scale 
must  likewise  have  a  stable  support,  which  need  not,  how- 
ever, be  of  sucli  a  rigid  character  as  that  provided  for  the 
galvanometer. 

The  arrangement  most  frequently  adopted  is  to  place 
the  galvanometer  and  scale  on  a  slate  slab  1  inch  thiol 
and,  say,  55  inches  long  by  26  inches  wide,  fixed  to  the^ 
wall  by  stone  brackets.  The  height  of  the  slab  from  the 
floor  should  be  about  33  inches.  The  slab  should  be  fixed 
with  its  length  in  the  magnetic  east  and  west.  A  better 
plan  is  to  have  separate  slabs  for  the  galvanometer  and  the 
scale.  These  should  be  fixed  by  atone  brackets  to  th< 
wall,  with  their  centres  40  inches  apart.  They  n 
be  14  inches  wide,  and  should  project  from  the  wall 
a  distance  of  '27  inches,  They  should  be  so  high  that 
an  ordinary  table  may  be  placed  under  them,  leaving  suf- 
ficient space  for  the  reception  of  the  working  apparatus. 
Sliould  it  be  undesirable  to  make  use  of  the  laboratory 
wall  for  supporting  the  slabs,  brick  or  stone  piers  witii 
suitable  foundations  may  be  built  up  directly  from  the 
earth,  each  pier  being  surmounted  with  a  slab  of  slate  or 

It  will  be  necessary  to  partially  darken  the  pli 
selected  for  the  galvanometer,  either  by  shutters  c 
tains.  All  iron  which  has  not  a  fixed  position  should 
removed. 

Eiai/mti-iilmi,  of  the  Balvaimnvler  and  Scale  Adjustvieiils. 


I 


ed 
he 

int.  ^^* 
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The  chief  adjustments  that  require  to  be  made  are  the 
following  :— 

(1.)  The  galvanometer  must  be  levelled. 

(2.)  The  needle  must  be  made  to  swing  freely. 

(3.)  The  plane  of  the  coils  must  be  in  the  magnetic 
meridian. 

(4.)  The  scale  must  be  in  the  magnetic  meridian, 

(5.)  The  Bcale  mcst  be  horizontal  and  one  mfetre  from 
the  mirror. 

<G.)  The  zero  point  of  the  scale,  the  centre  of  the 
mirror,  the  flame  of  the  paraffin  lamp,  and  the 
wire  of  the  galvanometer  scale  must  he  in  the 
same  vertical  plane. 

(7.)  Tlie  reflection  from  the  mirror  of  the  wire  of  the 
Bcale  must  be  focused  on  the  scale  clearly  and 
distinctly,  so  that  its  position  with  regard  to  the 
small  divisions  of  the  scale  may  be  easily  read  off, 

(8.)  The  suspending  thread  of  the  needle  must  be  free 
from  torsion. 

We  shall  describe  these  adjustments  and  otiiers  of 
minor  importance  iu  the  order  in  which  they  should  be 


(o)  PreliminaTy  Adjuslmmts. — The  galvanometer  and 
scale  having  been  placed  in  their  respective  posi- 
tions, the  former  should  be  levelled,  after  which 
the  case  should  be  removed  to  some  distance  ofl", 
BO  that  the  directing  magnet  may  not  influence 
the  needle.  If  now  the  openings  of  the  coils  be 
not  protected  by  glass  fronts,  it  will  be  necessary 
to  cover  them  with  circles  of  microscopic  glass, 
which  may  be  held  in  place  by  elastic  bands.  A 
small  square  piece  of  mirror  glass  should  also  be 
tightly  fastened  by  an  elastic  band  against  the  top 
of  the  front  upper  plate  (that  holds  the  front  upper 
coil  in  placeX  in  a.  symmetrical  {wsition  with  respect 
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to  the  hole  in  the  coil.  This  mirror  ia  intended  to 
assist  in  pWing  the  coils  and  the  galvanometer 
mirror  in  the  same  plane,  and  we  shall  assume  that 
the  plane  of  this  mirror  is  parallel  to  the  plane  of 
the  coils,  this  assumption  being  justifiable  if  the 
workmanship  of  the  galvanometer  be  good.  Next, 
the  needle  must  be  made  to  swing  freely.  The 
head  of  the  auspeneion  pin  should  be  raised  sloivly 
and  wiihout  a  sereio  motion  until  the  centre  of  the 
galvanometer  mirror  is  brought  into  the  centre  of 
the  hole.     The  needle  should  now  be  free  to  move. 

{^)  Adjustment  to  Meridian,  etc. —  If  the  suspending 
thread  were  altogether  free  from  torsion,  the  needle 
of  the  instrument  might  he  used  for  the  direct 
setting  of  the  galvanometer  coil  in  the  magnetic 
meridian.  But  the  thread  being  short  it  may  have 
received  sufficient  torsion  from  an  accidental  twist 
to  prevent  the  adjustment  being  accurately  made 
by  this  means.  We  shall  therefore  perform  the 
setting  by  the  help  of  an  independent  magnet,  such 
as  an  ordinary  or,  better  still,  a  prismatic  compass. 
By  the  help  of  the  compass  rule  two  chalk  lines 
on  the  slab,  one  in  the  magnetic  meridian  (near 
the  position  which  the  galvanometer  will  occupy), 
and  one  at  right  angles  to  the  meridian.  Place 
a  mHre  scale  against  the  plane  of  the  coils,  and 
then  turn  the  instrument  until  the  mStre  scale 
ia  judged  to  be  parallel  to  the  chalk  line  drawn  in 
the  meridian.  A  second  chalk  line  drawn  in  the 
meridian  near  the  place  of  the  scale  will  enable 
the  latter  to  be  set  correctly  also  in  the  meridian, 
and  at  a  distance  of  one  m^tre  from  the  galvan- 
ometer mirror. 

(y)  Final  Adjusimenis. — The  lamp  having  been  lighted, 
the  Bcale  should  be  raised  or  lowered  until  the  reflec- 
tion from  the  galvanometer  mirror  falls  so  as  to  be    i 
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neither  too  high  nor  too  low.  By  moving  the 
lamp  horizontally  a  little,  and  raiBing  or  lowering 
the  wick-holder,  the  position  will  be  found  in  which 
the  image  is  brightest. 

Two  reflections  ehould  now  be  seen  on  the  scale, 

one  due  to  the  square  mirror  fastened  on  the  plate, 

and  the  other  due  to  the  galvanometer  mirror.   The 

former  should  appear,  provided  the  instrument  has 

been  properly  made,  as    a  square  patch   of  light 

»  over  the  zero  point  of  the  scale ;  while  the  latter, 

r  the  suspending  fibre  possesses  torsion,  may  he 

I  some  distance  away.     In  this  case  the  head  of  the 

D  Buspending  pin  should  be  turned  until  the  reflected 

spot  of  light  from  the  galvanometer  mirror  falls  so 

as  to  comcide  with  the  reflection  from  the  fixed 

The  scale  should  now  be  screwed  orclamped  down, 
I  and  the  galvanometer  should  have  its  position  fixed 
[■  by  Sir  William  Thomson's  method  of  the  hole,  the 
L  alot,  and  the  plane  as  follows  ; — Mark  the  position 
1  of  tJie  levelling  screws  on  the  slab,  ^, 

[  then    remove     the     galvanometer. 
I  Let  us  suppose  that  a,  b,  c.  Fig.  66, 
L&re  the  positions  occupied  by  the 
fc  points    of    the    levelling    screws.   ^ 
I  At  a  make  a  conical  hole  about  ^  j  * 

I  inch  deep,  and  just  eufiiciently  Fig.  ois.— the  Hole, 
j'wide  to  admit  the  end  of  the  °'-''^' ''^''  '^'"'■■ 
t  screw,  and  then  at  b  make  a  V-shaped  groove  of 
L  the  same  depth  as  the  hole  at  a.  Next  replace 
I'tho  galvanometer,  whose  three  levelling  screws 
Lwill  now  rest,  one  on  a  plane,  a  second  in  a 
' !,  and  the  third  in  a  slot.  The  galvanometer 
Lwill  therefore  have  a  defined  position  without  the 
JiPOBsihility  of  strain  being  caused  by  expansion  or 
»ntraction  of  its  base. 
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Tile  galvanometer  should  now  be  levelled  and 
finally  adjusted,  aod  then  the  case  of  the  instru- 
ment replaced  The  ebonite  base  should  be  dusted, 
in  order  that  the  insulation  may  be  as  perfect  as 
possible. 

Testing  the  Instrument. 

The  SensibilUij. — -This  will  depend  upon  the  position  of 
the  directing  magnet.  To  clearly  understand  the  precise 
influence  of  this  magnet  let  us  suppose  that  the  vertical 
plane  passing  through  the  magnetic  meridian  is  represented 
by  the  plane  of  this  page,  the  north  being  to  the  lefl 
hand  of  the  reader.  In  the  nearly  astatic  combination 
(Fig.  67  I.),  the  upper  magnet  being  generally  made  some- 
what stronger  than  the  lower,  will  place  its  north-seeking 
pole  towards  the  magnetic  north.  The  magnetic  field  pro- 
_  UN  n    *i^'**^  ^y  '^^  earth  may  be 

'^        ^^    »*"■*•    looked  upon  as  caused  by  a 
very  large  magnet,  whose  S. 
pole  lies  to  the  left,  while  its 
n      a  B  I  g  a  I    a       N.  pole  lies  to  the  right  of 

-IC  '  I  ,  I  I         the    page.      Let    ua    denote 

"  J  "■         ''  n  "'  "m  "      ^y    H  the    strength    of  this 

field   which    tends    to    keep 
*  ^'  the   nearly  astatic  combina- 

tion in  the  meridian.  Now,  when  the  directing  magnet 
is  placed  over  the  needle,  with  its  poles  lying  in  the 
same  direction  as  those  o!  the  imaginary  magnet  which 
produces  the  earth's  magnetism  (Fig.  67  11.),  it  will 
follow  that  the  field  in  which  the  needles  swing  will 
be  strengthened,  and  may  ba  expressed  by  H  -h  M, 
whore  M  is  the  strength  of  the  field  ilue  to  the  directing 
magnet  above.  Also,  in  this  case,  the  nearer  the  <lirecting 
magnet  is  to  the  needles  the  greater  will  be  the  force 
required  to  produce  a  given  deflection,  or,  in  other  words, 
the   less   will   be    the   seuaibility   of    the   galvanometer. 
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Should,  however,  the  directing  magnet  have  its  poles 
placed  in  the  reverse  position  {Fig.  G7  III.),  the  strength 
of  the  field  will  be  H  -  M.  In  thin  case  the  approach 
of  the  magnet  will  first  of  a.11  diminish  the  strength  of 
the  residual  field,  and  thua  increase  the  sensibility  of  the 
infltrument.  If  a,  position  is  reached,  as  may  be  the  case 
when  the  directing  magnet  is  of  sufficient  strength,  where 
H  —  M  =  0,  then  the  system  will  be  under  the  control 
of  no  directing  force,  and  will  be  unstable ;  white,  if  the 
directing  needle  is  pushed  still  nearer,  the  position  of  the 
astatic  system  will  be  reversed,  and  the  needles  will  swing 
round  through  180°. 

This  reasoning  has  been  tested  experimentally.  The 
directing  magnet  was  first  placed  at  the  top  of  the  standard 
supporting  it,  with  its  S.  pole  to  the  magnetic  north. 
The  time  of  vibration  of  the  needle  was  then  taken  by 
means  of  a  stop-watch.  The  magnet  ivas  then  reversed 
and  the  time  again  determined.  This  proceeding  was 
repeated  several  times  aa  the  directing  magnet  was  gradu- 
ally brought  nearer  the  needle.  The  following  table  gives 
the  results  of  the  experiment : — 


Here,  when  the  S.  pole  of  the  directing  magnet  is  to 
the  north,  the  strength  of  the  field  is  seen  to  increase  as 
the  magnet  is  lowered,  the  vibrations  becoming  more 
rapid.  But  when  the  magnet  is  reversed  the  opposite  is 
the  case,  the  strength  of  the  field  gradually  diminishing 
until  a  zero,  or  point  of  instability,  is  reached,  after  which 
it  no  doubt  increases  in  an  opposite  direction  ;  but  this, 
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e  cannot  then  be 


of  course,  cannot  be  tested,  as  t 
brought  to  zero. 

The  most  Bensitive  position  lies  evidently  between  the 
positions  2  and  3.  The  positions  3-5  and  2-75  were  found 
to  be  stable  positions,  but  it  was  noticed  that  the  resting 
point  frequently  altered.  This  may  have  been  caused  by 
the  directing  power  being  insufficient  to  control  variations 
in  the  torsion  of  the  fibre,  or  it  may  have  been  due  to 
solar  diurnal  changes  in  the  magnetism  of  the  earth,  to 
which  such  an  arrangement  would  be  peculiarly  sensitive. 
It  was  therefore  decided  that  poaition  2  should  be  regarded 
as  the  most  sensitive  working  position. 

Experimenis  shomng  tlie  Sensitiveness  of  tlie  Galvmwmeter. 
— (1.)  Touch  the  brass  terminals,  one  with  the 
finger  and  the  other  with  the  thumb,  a  detlection 
will  be  produced  which  will  be  increased  when  the 
fingers  are  moistened.  The  current  is  due  bo  the 
slight  variation  in  the  nature  of  the  brass  terminals 
and  in  the  moisture  of  the  fingers. 
(3.)  Obtain  two  copper  wires  of  the  same  kind,  connect 
them  with  the  galvanometer,  and  place  their  free 
ends  in  distilled  water.  A  deflection  will  be 
produced.  Take  one  of  the  wires  out  of  the  water, 
touch  it  with  the  finger,  and  then  replace  the  wire 
in  the  water.  A  far  greater  deflection  will  now  be 
obtained,  which  may,  however,  be  in  the  opposite 
direction  to  the  previous  deflection. 
(3.)  Connect  one  terminal  with  the  gas-pipe,  now  touch 
the  other  terminal,  when  a  deflection  will  be  pro- 
duced, due  to  the  battery  formed  by  the  observer, 
the  wooden  floor  on  which  he  stands,  and  the  brass 
terminal.  Here  the  gas-pipe  acts  probably  as  a 
conducting  link  between  the  floor  and  the  other 
terminal. 
(4.)  Leaving  the  one  terminal  connected  with  the 
gas-pipe,  give  a  small  spark  to  the  other  terminal 
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by  means  of  an  electrophorus.  At  the  instant 
when  the  eparfc  is  given  a  deflection  will  be 
obBerved.  A  greater  effect  may  be  produced  by 
disconnecting  the  wire  leading  from  one  ot  the 
terminals  to  the  gaa-pJpe,  thus  leaving  both  ter- 
minals insulated,  and  then  giving  a  charge  of 
several  sparks  to  one  of  the  terminals.  If  we  now 
toach  the  galvanometer  with  the  finger  a  deflection, 
due  to  the  sudden  discharge,  will  be  noticed. 
(5.)  Observe  the  influence  on  the  galvanometer  needle 
of  a  wire  conveying  a  current,  of  a  small  magnet, 
of  the  observer's  watch,  of  the  buttons  on  his  coat, 
etc.  eta 

50.  Theory  a-nd  Use  of  SItunts.— To  reduce  at  will  the  sen- 
sibility of  the  galvanometer,  shunts,  the  use  of  which  will 
be  already  familiar  to  the  student,  are  employed.  Figa.  68 
and  69  show  two  such  airungeiaents  in  frequent  use,  the 
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corresponding  parts  in  eacli  being  similarly  lettered.  Fig. 
70  exhibits  the  general  plan  of  the  shunt  connections. 
When  a  plug  is  inserted  at  d  the  galvanometer  is  short- 
circuited  through  the  thick  metal  portions  between  A  and 
B  ;  but  when  the  plug  is  removed  from  <1  and  inserted  at 
a,  b,  or  c,  the  galvanometer  is  shunted  through  one  or  other 
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of  the  resiatance  coils  of  the  shunt.     The  resistance  that  a 
ahunt  must  have  in  order  to  dimiuiah  the  current  in  any 
(f  ratio  may  he  readily  ascertained. 

Let  G  be  the  resistance  of  the 
galvanometer  and  S  the  resist- 
,  ance  of  any  shunt,  while  C 
denotes  the  main  current  which 
we  wish  to  shunt.  This  current 
will  divide  between  the  galvan- 
ometer and  shnnt  in  the  inverse 
Birms.  ^^j.j^  ^^  ^j^^  resistances  in  each ; 
that  is  to  say,  in  the  ratio  of  S  to  G-,  and  hence  the  current 
Cj  going  through  the  galvanometer  will  he 


"gTs^ 


0) 


current  to  , 

letO,  =  t 


V  that  we  wish  to  allow  only  the  -th  part  of  the 
o  through  the  galvanometer,  or,  in  other  words, 
In  this  case  we  shall  have  from  (1) 


I 


from  which  we  find  as  follows  for  the  y 


If»=lO  3=  i  ofQ. 
«=100  S=  A  ofG- 
»  =  1000     S=^ofQ. 

The  positions  a,  h,  and  c  are  marked  either  with  the  num- 
bers ^0^,  ^hsi  ToVo'  implying  the  fractions  of  the  whole 
current  which  they  pass  through  the  galvanometer,  or  with 
the  numbers  \,  ^,  ^J^,  implying  the  ratio  between  their 
resistances  and  that  of  the  galvanometer. 

When  the  ahunia  are  made  of  the  same  metals  ns  the 
galvanometer  coils,  their  shunting  power  will  not  be  altered 
with  change  of  temperatura  Since,  however,  the  galvan- 
ometer coOs  are  usually  made  of  capper  and  the  shunts  of 
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iTuan  silver,  a  correction  will  be  necessary  in  calculations 
involving  the  Tesiatance  of  the  shunts. 

The  student  must  not  fail  to  notice  that  the  effect  of 
shunting  the  galvanometer  is  to  diminish  the  total  resist- 
ance of  the  circuit,  and  hence  to  increase  the  main  current, 
so  that  if  the  main  current  is  desired  to  be  constant, 
additional  resistance  must  be  introduced     A  set  of  resist- 

!es  called  Compensating  ResiBtances  are  accordingly 
sometimes  used  fur  this  purpose. 


Lesson  XSIV. — The  Box  of  Coils  used 


Bridge. 
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of  this  box  will  be  seen  in  Fig.  Vl,  in  which  AC  and  ABa: 
the  proportional  anna,  and  EFGD  the  rheoBtat  arm.  The 
bridge  will  best  be  understood  by  comparing  it  with  the 
typical  diagram  (Fig.  72),  in  wtich  the  parts  are  lettered  in 
the  same  way  as  in  the  figure  of  the  box.  At  A  (Fig.  71) 
no  binding  screw  is  provided, 
but  a  wire  passes  under  the 
ebonite  top  of  the  box  to  a 
^tud  at  a,  BO  that  on  pressing 
the  key  aA'  the  binding  screw 
at  A'  is  in  connection  with  A 
la  like  manner  the  terminal  at 
E'  may  be  put  in  contact  with 
the  point  B  by  pressing  the  key 
B7',  The  rheostat  arm  is  con- 
nected with  the  proportional  arms 
by  a  brass  connecting  piece  (not 
^  siiown),whichought  to  he  strongly 

Fif.  7i.  clamped  by  the  binding  screws 

at  B  and  E.  At  C  and  D  are 
double  binding  screws — one  for  tlie  wire  of  the  unknown 
resistance,  or  line  wire,  besides  which  there  will  be  the 
galvanometfir  wire  at  C  and  the  battery  wire  at  D.  The 
order  in  which  the  various  resistances  occur  will  be  seen 
in  the  diagram.  At  the  place  marked  INP  is  the  plug 
called  the  "  infinity  plug."  Should  this  plug  be  removed 
the  connection  between  the  parts  of  the  rheostat  arm  on 
either  side  of  it  will  bo  completely  broken. 

(3.)  The  Leclanclid  Batlery. — This  form  of  battery  is  chosen 
for  measurements  of  resistance,  since  it  deteriorates  but 
little  on  standing,  bo  that  it  is  always  ready  for  use.  On 
the  other  hand  it  runs  down  very  rapidly  when  short-cir- 
cuited. But  when  the  circuit  resistance  is  small,  as  is  the 
case  when  our  object  is  rather  to  find  the  direction  of  deflec- 
tion than  to  measure  its  amount,  the  current  is  only  required 
for  a  few  seconds  at  a  time,  and  in  this  case  any  variation 
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in  the  strength  of  the  current  ia  of  little  consequence. 
Again,  when  the  current  ia  required  for  a  longer  period,  as 
it  19  when  acunrate  determinations  are  being  made,  the  re- 
sistance in  the  circuit  will  necessarily  be  so  high  that  the 
constancy  of  the  battery  will  be  unaffected,  inasmuch  as 

i  doing  little  work.  It  is  convenient  to  have  four 
cells   of  this  battery  fitted  with  a  switch,  so  that  1,    2, 

r  4  celia  may  be  thrown  into  circuit  as  required  (see 


(3.)  The  Connedinff  Wirei. — These  should  be  of  gutta- 
percha covered  copper  wire.  The  wires  leading  to  the 
galvanometer  and  battery  may  be  No.  20  R  W.  G.  Those 
leading  to  the  unknown  resistance  should,  however,  be 
thicker,  and  be  provided  with  copper  strips  soldered  at  the 
ends,  as  we  have  shown  in  Fig.  23.  The  use  of  these  strips 
ensures  a  greater  surface  of  contact. 

MetJiod  of  vuiHng  the  OmttieitHoits. — In  Fig.  73  we  have 
plan  of  the  connections  whore  G  is  the  galvanometer,  S 
the  shunt,  X  tlie  unknown  resistance,  L  the  Leclanchfi 
battery,  and  CBB'A'  the  Post  Office  bridge.  The  wires 
going  to  the  same  parts  should  be  brought  together  as 
much  as  possible.  When  a  and  b  are  pressed  down,  the 
eontacf«  indicated  in  the  figure  are  maJa  The  gal- 
vanometer should  be  at  least  a  metre  away  from  the 
measuring  apparatus,  and  if  the  resistance  to  be  measured 
consists  of  many  turns  of  wire,  it  ia  necessary  that  it 
should  be  so  far  distant  that  it  cannot  directly  affect  the 
galvanometer. 

MeUtod  of  Measuring  Resistances. — ^Tho  resistance  of  the 
connecting  wires  that  go  to  the  unknown  resistance  should 
first  be  measured.  (We  shall  suppose  that  these  wires 
are  each  about  two  yards  long :  for  the  purpose  of  dis- 
tinction they  will  be  spoken  of  as  the  resistance  eon- 
itedors.)  In  order  to  do  this,  take  the  wires  out  of  the 
binding  screws  at  ?«  and  n,  a«d  clamp  their  extremities 
together. 
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Place  the  ^-J-g-  shunt  in  the  galvanometer,  and  put  on 
one  cell  of  the  battery.  Make  P  =  10,  Q  =  10,  and 
R  =  0,  that  is  to  say,  keep  all  the  plugs  of  the  rheostat 
arm  in.  Press  the  battery  key  first,  in  order  that  the 
momentary  current  due  to  self-induction  may  have  ceased 
before  bringing  the  galvanometer  into  circuit.  Then,  whilst 
it  is  down,  press  the  galvanometer  key  for  a  few  seconds. 


Fig.  73.— Connections  for  Measuring  Resistances. 

The  galvanometer  will  now  be  deflected,  say  to  the  right. 
If  no  deflection  is  obtained  there  must  be  a  faulty  connec- 
tion at  some  place.  In  this  case  examine  the  battery  and 
galvanometer  connections,  and  especially  ascertain  whether 
any  of  the  leading  wires  are  broken.  With  gutta-percha 
covered  wires  such  an  accident  may  easily  be  overlooked, 
for  the  wire  frequently  becomes  broken  while  the  covering 
remains  complete. 
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Next,  P  and  Q  remaining  the  same  as  before,  make 
R  =  00 .  On  pressing  the  keys  momentarily  as  before,  the 
deflection  should  now  be  to  the  left^  i.e.  in  the  opposite 
direction,  for  the  leading  wires  should  have  a  resistance 
between  that  of  R  =  0  and  R  =  oo .  If  the  deflections 
are  not  in  opposite  directions  the  connections  are  probably 
wrong,  and  should  be  examined.  Various  resistances 
must  now  be  tried,  until  a  balance  is  obtained.  The 
order  of  procedure  will  best  be  seen  by  studying  the 
following  table,  which  gives  the  result  of  an  actual 
measurement.  The  student  is  advised  to  arrange  his 
results  in  this  form  until  he  is  quite  familiar  with  the 
use  of  the  bridge. 


No.  of 
Cells. 


1 
1 
1 
4 
4 


Shunt. 


TTTff 

No  shunt 
No  shunt 


P. 

Q. 

R. 

10 

10 

1 

100 

10 

1 

1000 

10 

1 

1000 

10 

6 

1000 

10 

5 

Value  of  X 

which  would 

balance  = 


(¥) 


1 

•1 
•01 
•06 
•05 


Deflection. 


To  right- 
To  right. 
To  left. 
To  right. 
To  left. 


From  this  we  see  that  the  resistance  of  the  leading 
wires  is  between  '05  and  '06  ohm.  To  obtain  this 
resistance  more  accurately  the  extent  of  the  deflections 
must  be  noted  in  the  two  last  cases,  and  the  true  value 
of  X  found  by  interpolation,  as  shown  below : — 


Value  of  ^. 

•06  ohm 
•06     „ 


Deflection. 

36  divisions  to  right. 

37  „  left. 


Hence  '01  causes  a  difference  of  seventy-three  divisions, 
and  hence  the  value  of  ^,  which  would  correspond  to  no 
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deflection   of   the  galvanometer,  will   be   -p   =  X  = 
+  ""'j^'  =  -05607  ohma  approximately. 

The  above  result  will  require  a.  further  correction,  due 
to  the  fact  that  the  rheoatat  arm,  when  all  the  p]u_ 
in,  has  a  certain  finite  though  small  resistance.  To 
obtain  its  value,  substitute  for  the  resistance  connectora 
a  piece  of  copper  wire.  No.  18  B.  W.  G.,  say  about  a  foot 
long  ;  likewise  clean  ail  the  plugs  of  the  rlieostat  arm  and 
press  them  well  into  their  places.  Make  P  =  Q  =  10. 
On  pressing  the  keys  a  deflection  will  be  obtained,  but  by 
shortening  or  lengthening  the  wire  it  will  be  possible  to 
obtain  a  length  of  wire  wliich  will  just  balance  the  rheostat 
arm.  Measure  the  length  of  the  wire,  obtain  its  diameter, 
and  calculate  its  resistance  by  the  aid  of  tables.  It  was 
found,  for  example,  by  this  means  that  the  resistance  of 
this  biJancing  wire  was  -008  ohm.  Hence  the  corrected 
resistance  of  the  leading  wires  is  more  nearly  -05507 
+  -00008  =  -05515  ohm.  (More  accurate  methods  of 
finding  the  resistance  of  tlio  plugged  rheostat  arm  nill  be 
found  in  Part  IV.) 

The  resistance  of  the  leading  wires  being  known,  the 
measurement  of  the  resistance  of  several  coils  should  be 
proceeded  with,  as  exhibited  in  the  following  examples : — 

Examples. — I.  Galvanometer  coil  of  copper— 

P  =  100.  Q  =  10,  R  =  98D8,    5^  =  0HB'8.     Ho  deflection. 

,,  6BS7,     .,      9S97.     Sliglit  aaflectiun. 
X  =  980-6--05E  =  9S9'5ie  ohuis.     Temp.  15°  C. 

II.  Galvanometer  coil  of  copper — 

P=1000,  Q  =  10,  R  =  1090,  ^  =  10-30.     Deflection  of  -  *. 
„  „  1019,  10-19.  „  +21. 

X  =  10'19  +  "°^  ^  ^^  -  '055  - 10'113. 

In  these  examples  the  resistance  of  the  rheostat  arm  it 
neglected.     Temperatiu^  15°  C. 


1 

'05  ^H 
L,  due     ^^^ 
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52.  Correction  for  Temperature. — According  to.  the  ex- 
periments of  Dr.  Matthiesseiij  tlie  reaiatance  of  metala 
mcreasea  with  the  temperatnre,  according  to  the  empirical 
formula : — 

where  R(  is  the  resistance  at  f  C,  Ro  that  at  0°  C,  and 
0,  p  are  numerical  constants.  The  values  of  a  and  ji  for 
a  few  useful  metals  are  exhibited  in  the  following  table : — 


T 

ABLE    G. 

TEMPEtLiTUBB   CuEl 

fFIClBKTS   7 

■OR  Rbbistanck. 

Uetat. 

Tampe 

rstun  Coeffioledts. 

Moat  pura  metals 

Gennan  silver  ' 
Fbtinum  silver 

•003S2J 
■0007485 
■0004433 
■00031 

+  00000128 
-  -000000388 
+  ■000000152 

In  the  previous  experiments  the  resistancea  in  the  box 
were  made  of  platinum  silver,  and  the  coils  had  been 
adjusted  to  the  atamlard  at  19°  C.  Since  our  measure- 
ments were  made  at  15°  C,  the  actual  resistance  used  to 
balance  X  would  be  less  than  that  marked  on  the  box,  for 
the  temperature  at  the  time  of  measurement  was  4°  less 
than  the  standard  temperature.  Beferriog  to  the  formula 
uaed  in  the  Wheatstone's  bridge,  namely. 


K. 


we  aee  at  o 


e  that,  since  Q  and  P  are  of  the  aame  metal, 
any  rise  in  temperature  will  not  affect  the  ratio  of  Q  to  P. 
The  resistance  R  is  therefore  the  only  one  requiring  correc- 
tion. For  our  purpose  it  will  ho  sufficient  to  suppose  that 
an  alteration  of  4°,  when  the  resistance  R  is  at  0°,  would 
cause  exactly  the  same  proportionate  change  aa  when  R  is 
at  19°  ;  hence  our  reaistance  becomes 

Ru  =  E„{l-(ix  00031)1. 
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Applying  this  formula  to  the  preceding  examples,  we 
find 

I.     Xi5=989-545(l-4x  •00031)  =  988-318, 
11.     Xi5=  10-143(1 -4 X -00031)=  10-130. 

63.  Resistance  of  the  workirtg  Galvanometer. — When  a 
second  galvanometer  is  available,  the  resistance  of  the 
working  galvanometer  may  be  obtained  by  means  of 
Wheatstone's  bridge  in  the  ordinary  maimer,  the  working 
galvanometer  being  the  unknown  resistance.  The  neces- 
sity of  an  additional  galvanometer  may,  however,  be 
avoided  by  a  method  due  to  Sir  W.  Thomson,  which  will 
be  now  described.^ 


Lesson  XXV. — Measurement  of  Galvanometer 
Resistance  (Thomson's  Method). 

54.  Apparatus. — Wheatstone's  bridge,  etc.;  galvan- 
ometer, whose  resistance  is  to  be  measured ;  a  DanielFs 
cell  of  high  resistance ;  resistance  boxes  for  regulating 
the  battery. 

Them-y  of  the  Method. — Let  the  student  draw  the  theo- 
retical diagram  (Fig.  72),  and  consider  what,  when  ^  =  ^> 
will  be  the  effect  of  joining  through  a  galvanometer  the 
points  B  and  C  in  the  two  branches  of  the  current.  There 
will  evidently  be  no  effect  upon  the  galvanometer,  since  B 
and  C  are  at  the  same  potential,  and  this  is  the  ordinary 
way  of  using  Wheatstone*s  bridge. 

Suppose  now  that  instead  of  the  galvanometer  being 
placed  between  B  and  C  it  is  placed  between  C  and  D,  as 
shown  in  Fig.  74,  and  that  a  key  is  placed  between  B  and 

C.     What  will  happen  in  this  case  if  f  =  x  "^     It  is  clear 

^  See  a  note  by  Sir  "W.  Thomson  added  to  Mr.  Mance's  paper  on  a 
method  of  measuring  the  resistance  of  a  conductor  or  battery.  Pro. 
Roy.  Soc.f  vol.  xix.  (1871),  p.  247. 
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that  here  we  shall  have  a  current  passing  through  the 
galvanometer,  but  since,  when  connection  is  made  by  the 
spring  key  between  B  and  C,  no  current  will  pass  between 
these  points,  it  is  manifest  that  no  diversion  of  current  is 
produced,  and  hence  that  the  value  of  the  current  passing 
through  the  galvanometer  will  not  be  altered  by  making 
such  connection.  Hence  no  alteration  will  take  place  in 
the  current  of  the  galvanometer  in  making  this  connection, 
provided  that  P :  Q ::  R :  X. 


Fig.  74. 


Pig.  76. 
Measurememt  of  Galvanometer  Resistance. 


Practice  of  the  Method, — ^We  shall  suppose  that  the 
resistance  of  the  galvanometer  is  approximately  known  to 
begin  with.^  The  requisite  connections  with  the  Post  Office 
bridge  are  seen  in  Fig.  76.  In  this  figure  the  keys  are  at 
B'  and  A'.  Here  S  is  a  shunt  placed  across  the  battery 
circuit  (in  which  a  resistance  R  is  included  to  keep  the 
battery  steady),  this  being  necessary,  since  otherwise  the 
current  will  be  too  great  to  make  the  test  practicable.  In 
order  stiU  to  reduce  the  current  as  much  as  possible  it  is 

^  The  resistance  of  a  galvanometer  is  usually  supplied  by  the  maker 
of  the  instrument.  If  this  is  not  the  case  the  resistance  may  be  ap- 
proximately obtained  by  measuring  the  resistance  of  one  of  the  shunts 
supplied  with  the  instrument,  or  by  the  method  of  Lesson  XVIII. 
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desirable  to  make  the  resistance  in  the  arms  of  the  bridge 
very  high. 

Let  us  suppose  that  P  =  1000,  Q  =  1000,  E  =  4000. 
Press  the  battery  key,  wheu  a  deflection  of  the 
ometer  will  be  observed,  probably  ao  great  as  not  to  be 
readable.  Now  place  the  directing  magnet  low,  with  its 
S.  pole  to  the  north,  so  as  to  strengthen  the  earth's  magnetic 
field,  and  then  turn  the  magnet  until  the  spot  of  light  is 
brought  to  the  centre  of  the  scale.  Next  press  the  key  B'. 
If  a  defiection  results,  it  will  be  necessary  to  alter  the 
rheostat  arm  of  the  bridge,  and  to  repeat  the  operation  of 
adjusting  the  magnet  and  pressing  E'  until  the  effect  of  ' 
opening  or  closing  the  circuit  CBB'  has  no  influence  on 
the  current  in  the  galvanometer. 

Example. — We  measured  the  resistance  of  the  J  shunt, 
which  was  about  617  ohms;  hence  the  resistance  of  the  -, 
galvanometer  should  be  617x9  =  5553  ohms.     Using  the    i 
above  method  with  P  =  Q=  1110,  we  found  galvanometer  ' 
resistance  =  5550,  but  it  was  not  possible  to  tell  within  5    , 
ohms.     This  was  owing  to  the  necessity  of  bringing  the 
directing  magnet  near  the  needle  to  balance  the  current  in 
the   galvanometer,  which  reduced   the  sensibility  of  the 
instrument     The  galvanometer  under  measurement  being 
a  differential  one,  it  was  decided  to  measure  one  of  the 
coils  at  a  time,  and  send  a  weak  current  from  an  accessory    i 
battery  through  the  other  in  such  a  direction  as  to  balance 
the  cuiTent  in  the  coil  under  measurement.     This  method; 
by  rendering  it  unnecessary  to  lower  the  magnet,   gave 
much  better  results,  since  the  adjustment  could  be  made  * 
within  1  ohm.     Each  coil  was  found  to  have  a  v 
of  2775  ohms. 


Part  II.— Use  of  a  Differential  Galvanometer. 

55.  The  differential  method  of  measuring  resistances 
has,  in  common  with  the  bridge  method,  the  merit  of  being 
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independent  of  the  constancy  of  the  working  battery,  and 
also  of  being  a  zero  method,  but  owing  to  the  additional 
skill  and  labour  requisite  for  the  construction  of  a  differ- 
ential instrument,  the  former  method  (at  one  time  used 
extensively  for  measurements  connected  with  telegraphy) 
is  now  almost  entirely  superseded  by  the  bridge  method. 
The  diflterential  method  should  nevertheless  be  known  to 
the  student,  for  not  only  is  it  of  service  in  physical  investi- 
gations, but  it  is  useful  in  checking  results  obtained  by 
using  the  bridge. 


Lesson  XXVI. — The  Differential  Method. 

56,  Exercise. — To  compare  the  higher  resistances  in  two 
boxes  of  coils. 

Apparatm* — A  differential  galvanometer  (see  Lesson 
XXIIL),  a  battery  and  connecting  wires. 

Testing  atid  adjusting  the  Galvanometer. — A  differential 


Fig.  76. 


Fig.  77. 


galvanometer,  in  order  to  be  a  perfect  instrument,  should 
satisfy  two  conditions.  (1.)  Equal  and  opposite  currents 
in  the  two  coils  should  be  without  influence  on  the  needle. 
(2.)  The  resistance  of  the  two  coils  should  be  equal. 
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Fig.  76  exhibits  the  connections  necessary  to  test  the  first 
of  these  two  conditions.  Here  the  two  coils  A  and  B  have 
sent  through  them  the  same  current,  but  in  opposite  direc- 
tions. If  a  deflection  be  produced,  the  small  adjusting  coil 
mentioned  on  p.  119  should  be  pushed  in  or  out  until  no 
deflection  results.  In  order  to  test  the  second  condition, 
the  connections  are  altered  to  those  of  Fig.  77,  which 
shows  the  battery  current  divided  between  the  two  coils, 
and  this  division  will  be  in  equal  proportion  to  each,  pro- 
vided that  the  resistances  of  the  coUs  be  eijual.      Should 


J 


this  not  be  the  case  it  will  be  necessary  to  add  an  external 
resistance  to  one  of  the  two  coils  until  no  deflection  is  pro- 


Direct  Comparison,  of  Sesislance. — Let  the  connections 
remain  as  in  Fig.  77,  but  place  the  resistance  coils  R 
and  X,  which  are  to  be  compared  together,  as  shown  in 
Fig.  78.  Make  x  a  high  resistance,  and  adjust  It  until 
no  deflection  is  obtained,  then  R  -  .r,  provided  that  the 
galvanometer  is  rightly  at^'usted.  We  may  make  the  test 
quite  independent  of  any  such  assumption,  if  we  substitute 
for  X  a  third  box  of  coils,  out  of  which  a  resistance  Rj  is 
taken  to  balance  R,  for  then  must  x  =  Bj.     This  is  the  best 


r 
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way  of  using  the  galvanometer.     The  student  will  aee  that 
this  is  anaiogoua  to  Borda's  method  of  double  weighing. 

Comparison  by  means  of  Shunts. — The  range  of  utility  of 
the  differential  galvanometer  may  be  considerably  extended 
by  the  use  of  shunts.  Fig.  79  shows  the  connections 
with  the  shunts.  Let  g  and  g'  be  the  resistances  of  the 
galvanometer  coUs,  s  and  s'  that  of  the  corresponding 
shunts.  Let  us  denote  by  B  the  current  in  the  main 
branch  in  which  the  battery  is  placed  j  also  let  C 
denote  the  current  that  flows  through  the  coil  g,  and  Cj 
the  current  that  flows  through  the  coil  g'.  Now,  in  con- 
formity with  the  law  of  the  division  of  currents, 


Eqiiivalet 


of  circuit  34x3 


In  like  manner  the  current  C^  throiigli  the  coil  g'  is  as 
follows — 


If  the  galvanometer  is  properly  adjusted,  g  =  g',  and  by 
altering  s,  s',  and  K  until  there  is  no  deflection,  we  get 
C  =  C,,  and 


To  make  use  of  this  formuliu  with  c 
of  shunts  must  be  arranged,  one  to  shunt  each  galvan- 
ometer coil,  of  i  and  -^  of  the  resistance  of  the  coil. 

Bemembering  that  we  also  have  the  option  of  using  no 
shunt  at  all,  or,  in  other  words,  of  using  a  shunt  of  iu- 

VOL.  IL  h 


PRACTICAL  PHYSICS.  [< 


finite  resistance,  the  above  formula  will  give  a  range  of 
resistance  nieaBurement  from  '01  oLm  to  1,000,000  if  we 
are  provided  with  a  box  of  coUa  ranging  from  1  to  10,000 
ohms,  for  if  s  =  "j  and  s'  =  oo ,  then,  by  the  above  formula,  ■ 

and  if  R=io,000 


1 


1,  if 


aodj; 


We  are  thus  provided  with  a  method  of  comparing  resist-  1 
ances  which  has  a  range  equal  to  that  of  the  Post  OfBce  i 
box  of  coils. 

Part  III.— Use  of  the  Slide  Bridge. 

57.  When  the  resistance  to  be  measured  does  not  ^ 
amount  to  more  than  2  or  3  ohms,  or  when  we  wish  to 
compare  as  accurately  as  poaaible  a  resistance  which  is 
proximately  an  ohm  with  a  standard  unit,  the  slide  bridge 
should  be  employed.  The  student  having  been  already 
made  acquainted  (Lesson  XXI.)  with  the  general  principles 
involve-d  in  the  slide  bridge,  will  now  be  prepared  for 
making  measurements  in  an  accurate  manner. 

58.  Law  Resistance  Galvanometer. — It  will  be  necessary 
in  this  section  to  make  use  of  some  pattern  of  low  resist 
ance  reflecting  galvanometer  with  a  low  resistance  coil  of 
from  '35  to  3  ohms.  Fig.  80  shows  an  instrument  of  the 
tripod  pattern.  It  has  a  single  coil  placed  within  a  brass 
box  having  a  glass  front,  within  which  is  suspended  the 
mirror  and  needle  seen  through  the  central  opening  m. 
A.  lower  needle,  with  an  aluminium  dam|>or,  and  having 
reversed  polarity,  swings  below  the  coil  in  the  position  d.    , 
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On  the  top  of  the  instniment  ia  a  brass  cap  supporting  the 
directing  iniignet,  tlie  latter  being  turned  by  the  tangent 
screw  b.      By  liberating  the  acrews  c  and  i:'  the  cap  with 


the  directing  magnet  may  be  removed,  when  the  head  of 
the  pin  that  supports  the  needle  will  be  exposed.  The 
body  of  the  instrument  may  be  turned  and  clamped  in  any 
position  by  the  screw  a. 
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The  adjustments  are  very  similar  to  those  of  the  highl 
resistance  galvanometer.  I 


XXVn.— Use  of  the  Slide  Metre  Bridge- 
Method  I. 

59,   Exercise. — To    compare   the  resistances    of    t 
coils. 

Apparatus. — A  slide  mitre  bridge.  Fig.  81.  Here  arel 
seen  thick  liars  of  copper,  of  which  the  bars  MB,  KT,,  EF,f 
GH,  and  CN  are  fixed  permanently  to  the  base-board  a,  &,  J 
c,  d,  while  the  alternate  bars  BK,  LE,  FG,  and  HC  area 
movable  at  will,  being  simply  clamped  by  binding  screwB.I 
at  B,  K,  L,  E,  F,  G,  H,  and  C. 


Between  the  ends  M  and  N  a  thick  German  silver  wire  I 
is  soldered,  so  that  the  distance  between  the  portions  o£   t 
the  ends   of  the   wire  just   clear  from  solder  is  equal  as 
nearly  as  possible  to  one  metre.     A  millimetre  scale  is 
fixed  along  the  middle  of  the  base-board  mounted  on  the 
top  of  a  block  of  wood,  which  raises  the  scale  some  45 
nun.  above  the  bridge  wire.      The  slider  D  may  be  placed 
at  any  position   along  the  scale,  and  this  position  read 
off   to  ^  of  a  millimetre    by  observing  the  index  line 
drawn  on  the  upper  plate  of  the  slider.     When  the  knob 
of  the  slider  is  pressed,  metallic  contact  is  made  between 
the  slider  and  the  bridge  wire  by  means  of  a  small  notched   ! 
plate  of  platinum,  which  is  pushed  from  underneath  the  1 
slider   into    contact   with    the    wire.       On    releasing    the   ] 
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he  breaking  of 
,  u,  spring  key, 


rv.] 

knob  a  spring  within  the  slider 
the  contact. 

Other  Apparatus. — Two  Leclanche  c 
a  low-resistajice  galvanometer. 

Theory  of  the  Method. — The  chief  error  in  the  use  of 
the  bridge,  as  we  have  used  it  in  Lesson  XXI.,  lies  in 
assuming  that  the  resistance  of  the  thick  metallic  end 
portions  of  the  bridge  and  the  solderings  there  may  be 
neglected.  The  middle  portions  need  not  be  taken  into 
account  But  however  well  the  bridge  may  be  constructed, 
these  resistances  cannot  be  got  rid  of  j  we  must  therefore 
arrange  our  method  of  observation  so  that  they  may  either 
be  entirely  eliminated  or,  if  retained,  allowed  for.  The  firet 
method  which  we  shall  give  is  not  a  perfect  one,  but  it 
is  sufficiently  good  for  many  measurements,  and  does  not 
assunke  a  previous  knowledge  of  the  constants  of  the 
bridge.  Let  the  copper  rods  EK  and  HC  be  removed 
from  the  two  end  spaces,  and  the  resistances  P  and  Q 
inserted  ia  their  pistce  (Fig.  82).      Suppose  that  P  and 


Q  are  balanced  against  each  other  in  the  ordinary  way, 
the  bridge  reading  being  a-j.  Now  it  may  not  happen 
that  the  index  line  on  the  slide  is  exactly  over  the  part 
of  tlie  platinum  plate  that  makes  contact  with  the  bridge 
wire.  Let  A  be  this  error,  so  that  the  true  bridge  reading 
is  i^i  +  A.  Now  let  r,  be  the  resistance  of  the  thick  end 
of  the  bridge  at  which  P  is  placed,  and  r^  that  of  the 
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end  where  Q  is  placed,  all  in  terms  of  i 
bridge  wire.     Then 


division  of  the 


If  tho  position  of  P  and  Q  be  reversed,  a  new  relation 
between  these  resistances  will  be  obtained,  as  under — 


Q~ 


r.j  +  1000-(jj  +  \) 


» 


where  x^  is  the  new  bridge  reading.     Either  of  these  ex- 
pressions would  give  ^  if  r„  r^  and  A  were  known. 

By  adding  the  numeratora  together  and  the  denomi- 
nators together  we  obtain 


(3)   , 


An  expression  which  is  free  from  A,  and  which  contains 
both  in  the  numerator  and  denominator,  the  (not  large) 
quantities  i\  and  r„  added  to  a  large  number. 

In  the  absence  of  definite  information  regarding  )■,  and 
fg,  we  may  aafely  disregard  them  in  expression  (3),  sub- 
stituting  for    it    the    following    formula,   employed    by 


P_10Q0  +  iZ|-a, 


(*) 


It  will  be  found  from  (3),  by  assuming  values  for  r,,  r^ 
and  ^i,  x^,  that  the  greater  Xf-x^  is  the  greater  will  be 
the  error  in  using  the  formula,  so  that  the  ratio  of  P  to 
Q  should  not  be  great  (see  Appendix  A.) 

Practice  of  the  Method. — Open  the  gaps  at  the  ends  of 
the  bridge,  and  at  P  and  Q  insert  the  resistances,  which 
we  shall  suppose  to  be  provided  with  copper  straps  by 
which  they  may  be  clamped  to  the  binding  screws,  the 
copper  straps  and  the  binding  screws  having  been  pre- 
'  See  Sabine,  The  Blcdric  Telt^raph,  p.  312. 
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viously  cleaned  with  a  S\o  aad  emery  paper.  Make  the 
connections  as  in  Fig.  82,  and  teat  them  by  moving  the 
slider  first  to  0  and  then  to  1000,  making  battery  and 
galvanometer  contacts  at  each  place,  when,  if  the  connec- 
tions are  good,  the  deflections  siiould  in  the  one  case  be  to 
the  right  and  in  the  other  to  the  left.  (These  teats  should 
be  made  with  the  galvanometer  shunted.)  Next  observe 
whether  the  contact  of  the  platinum  of  the  slider  with 
the  German  silver  wire  gives  rise  to  a  thermo-cnrrent  suffi- 
eiently  strong  to  cause  a  deflection  of  the  unalmnted  gal- 
vanometer. This  may  simply  be  done  by  pressing  the 
knob  of  the  slider — the  battery  key  being  raised,  when 
a  deflection  will  certainly  be  obtained  if  the  galvanometer 
is  at  all  deKcate.  Thia  thermo-cuiTent  becomes  a  source 
of  trouble  when  the  adjustment  of  the  balance  is  ap-. 
proaching  completion,  hence  we  must  consider  some 
method  by  which  the  efiecta  arising  from  it  may  he 
avoided.  There  are  three  such  methods  which  we  shall 
now  discuss. 

(1.)  The  position  of  the  galvanometer  and  battery  ex- 
hibited in  Fig.  82  is  that  usually  adopted  with  the 
slide  bridge.  Now  let  these  positions  be  inter- 
changed so  that  the  battery  wire  is  connected  with 
the  movable  contact.  No  doubt  it  has  been 
thought  that  when  the  galvaaometer  and  battery 
are  thus  interchanged,  the  surface  of  the  bridge 
wire  may  become  injured  by  the  passage  of  the 
current.  But  since  the  currents  employed  are 
weak,  very  little  injury  can,  we  think,  be  caused 
in  this  way,  and  if  the  interchange  be  made,  the 
thermo-current  at  the  movable  junction  is  simply 
united  with  that  from  the  battery  either  acting 
with  it  or  agMnat  it.  We  shall  not,  however,  even 
now  ho  free  from  thermo-currents,  for  they  may 
still  be  produced  at  the  ends  of  the  bridge  where 
the  German  silver  wire  comes  in  contact  with  the 
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copper.  Such  currents  may,  however,  be  to  a 
great  extent  avoided  by  packing  the  ends  of  ths 
bridge  with  cotton  wool  bo  as  to  keep  these  places 
at  a  constant  temperature. 

(2.)  A  second  method  (the  connections  being  as  in  Fig. 
82)  is  to  place  in  the  battery  circuit  a  commutator, 
by  which  the  current  may  be  reversed,  and  to  ob- 
tain a  balance  for  the  two  directions  of  the  current. 
In  tha  oue  case  the  thermo-current  will  aid,  while 
in  the  other  it  will  oppose  the  battery-current,  and 
hence  the  mean  of  the  two  wilt  give  a  correct 
result  It  is  here  aseumed  that  the  thermo-current 
remains  constnnt  during  the  time  of  application  of 
the  teat — hence  it  will  be  necessary  to  protect  the 
ehder  from  the  heat  of  the  hand  as  much  as  possible 
by  wrapping  cotton  wadding  around  it 

(3.)  liie  second  method  involves  a  double  reading  of 
the  bridge,  but  this  may  be  avoided  by  proceeding 
B3  follows : — Making  the  ordinary  connections  (Fig. 
82),  obtain  a  balance  as  nearly  as  possible  in  the 
usual  way  by  first  pressing  the  battery  key  and 
then  the  movable  contact.  Now  keep  the  latter 
pressed  down,  the  former  being  raised,  and  allow 
the  galvanometer  to  come  to  rest  under  the  action 
of  the  thermo-current.  Let  the  battery  key  be 
ngw  pressed,  if  a  different  deflection  is  produced, 
which  is  permanent,  it  shows  that  the  balance  is  not 
perfect,  and  that  further  adjustment  ia  necessary. 
The  student  must  be  warned  that  a  slight  traiment 
deflection  in  the  opposite  direction  may  be  obtained, 
owing  to  the  self-indnction  of  the  coils  in  the  circuit, 
but  this  must  be  disregarded.  Taking  these,  pre- 
cautions, this  last  method  ia  to  be  specially  recom- 
mended.' 
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Example, — ^Determination  of  resistance  of  coil  marked 
"  Bg"  compared  with  standard  ohm  P. 


Left. 
P 


{C2=509-9 


Right 
P 


R,    1000  -  (ar,  -  iBj)   ,  _,      ^  ^„„^    , 

p  =iAAA  .  /  [*  lience  R2= 1*0336  ohm. 

P      1000 +  (aji- 0^2) 


Lesson  XXVIII. — Use  of  Slide  M6tre  Bridge — 

(continued)  Method  11.^ 

60.  ApparcUus, — ^The  same  as  before,  with  the  addition 
of  mercury  cups  and  copper  straps  for  making  connections. 
Also  a  number  of  resistance  coils  provided  with  stout 
copper  terminals. 

Theory  of  the  Method. — Let  the  central  gaps  of  the  bridge 
be  opened,  and  the  resistances  P  and  Q  under  comparison 
placed  there,  also  in  the  end  gaps  place  two  other  coils 
Ri  and  E^,  and  complete  the  connections  as  figured  (Fig. 


Fig.  83.— Connections  toe  Method  II. 

83).     When  a  balance  is  obtained,  leaving  A.  out  of  con- 
sideration, we  have 

P^    ri  +  Ri  +  ah  Qx 

Q    rs+R^  +  L-Xi 


*  Adapted  from  Matthiessen  and  Hockin,  T?ie  Laboratory,  pp.  343 
and  391 ;  and  Clerk  Maxwell,  vol.  i.  p.  402. 
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where  r^,  r^y  and  x^  have  the  same  meanings  as  in  the  pre- 
vious method,  and  L  is  the  length  of  the  bridge  wire,  it 
being  supposed  that  r^,  r^,  Rj  and  Rg  ^^®  expressed  in 
terms  of  a  division  of  this  bridge  wire.  On  reversing  P 
and  Q  we  obtain 

P^rg  +  Ra  +  L-a^  ^2) 

Q       rj  +  Ri  +  JBg 

Treating  (1)  and  (2)  as  in  the  last  lesson,  we  obtain 

P_ri  +  r3  +  Ri  +  R2  +  L  +  (a;i-a;2)  .^. 

Q    ri  +  r2+Ri  +  K2  +  L-(a:i-a?2) 

For  the  sake  of  brevity  let  r^  +  rg  +  R^  +  Rg  +  L  =  e,  and 
a^i  -  0^2  =  ^  (being  the  difference  of  the  bridge  readings),  then 

P=l±-^  (4) 

This  will  be  the  working  formula.  It  may  be  simplified 
when  8  is  small  compared  with  e  by  dividing  the  numerator 
by  the  denominator,  and  neglecting  small  quantities  of  the 
second  order ;  we  obtain  then 

P__       25 

The  effect  of  introducing  Rj  and  Rg  is  virtually  to  increase 
the  length  of  the  bridge  wire  and  so  increase  the  delicacy 
of  the  method.  This  will  be  seen  from  the  following  ex- 
amples. The  greatest  possible  value  of  8  is  1000  mm.,  i.e. 
the  total  length  of  the  bridge,  and  the  least  value,  say 
0*2  mm.     Now  let  e  =  5000,  then  from  (4)  we  obtain 

P^5000  +  1000_3 
Q~5000-1000~2~      ' 

which  gives  us  the  maximum  ratio  of  P  to  Q  for  which 
this  method  is  applicable. 
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Again  from  (5)  we  obtain 

which  gives  us  the  minimum  ratio  of  P  to  Q  for  which 
the  method  is  applicable. 

Let  6=10000.        In  this  case  the  greatest  ratio  is  1*22 

the  least  1  '00004. 

Let  6=200000.       In  this  case  the  greatest  ratio  is  1*01005 

the  least  1*000002. 

We  thus  see  that  the  effect  of  increasing  e  is  to  decrease 
the  range  of  applicability  of  the  method,  but  at  the  same 
time  to  increase  the  accuracy  of  the  comparison,  inasmuch 
as  under  these  circumstances  the  extreme  bridge  readings 
correspond  to  a  continually  decreasing  range  of  proportional 
difference  between  the  resistances. 

Before  the  preceding  formulae  can  be  applied  it  will  be 
necessary  to  determine  r^,  r^  B^  and  Kg. 

Ddei'mination  of  r^  and  r^. — Let  us  suppose  the  connec- 
tions of  Fig.  82  to  be  made,  P  and  Q  being  two  coils  of 
known  resistance,  whose  ratio  is  about  100  to  1,  then 


and,  on  reversing, 


Q-ra  +  lOOO-ari  •         •         •         •     U; 


P_r^+1000-^  . 

7\— ZTTZ *  •  •  •      v.^/ 


From  (1)  and  (2)  we  obtain 

_Qa;i-Pg2  fo^ 

^i~    P-Q ^"^^ 

^  __ Q(1000-^)-P(1000 - x^) 

^2~~  p  _  Q  •  •  •        \^) 

From  (1)  and  (2)  we  may  also  obtain  the  value  of  r^  +  r^, 
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thus,  by  the  addition  of  the  numerators  and  denominators, 
we  have 

From  which  we  have,  by  compounding, 


r,  +  r,  =  "p^^|>;,-i.j)-1000         .         ,         .     (7)  ] 

Determmation  of  R^  and  Ji^. — Make  the  connectiona  erf  ] 
Fig.  83,  but  remove  K^  and  Btihstitute  for  it  the  copper  I 
rod  that  is  provided  for  bridging  the  gap.     Taking  read- 
ings with  F  and  Q,  that  is,  with  coils  of  known  resistance, 
we  obtain 


P 

In  like  manner  we  may  determine  Rg. 

Fractice  of  the  Melliod. — The   only  additional  practical  ' 
information  necessary  to  give  is  that  regarding  the  use  of 
mercury  cups  aa  connectors.     This  method  of  making  con- 
nections is  found  to  give  contacts  whose  resistance  is  both 
very  small  and  very  constant,  provided  that  the  following 
precautions  are  observed:  (1.)  Each  mercury  cup  must  be 
provided   with  a  disc   of  copper  fastened  to  its  bottom. 
This  disc  must  bo  well  amalgamated.    (2.)  The  ends  of  the 
copper  rods  with  which  the  resistances  are  provide*]  must 
likewise  be  well  amalgamated,  and  arranged  so  as  to  press  I 
firmly  against  the  plates  at  the  bottom  of  the  cups  by  means  j 
of  clamps  or  elastic  bands.     The  mercury  cups  may  I 
made  simply  by  boring  holes  in  a  piece  of  varnished  wood,  | 
connection  from  the  binding  screws  of  the  bridge  being  1 
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made  by  thick  copper  bars  having  one  end  clamped  under 
the  screw,  and  the  other  dipping  into  the  cup. 
Example, — Determinations  of  r^  a/nd  r^, 

P=ioi,  Q=l. 

Left.  Right. 

P  0^  =  992-4  Q, 

Q  a^=     7-8  P, 

992-4-787-8     ^  ^_ 

^1= Too =2-046, 

992-2 -767-6     „  „,^ 
^2= 100 =2-246,  ri  +  r2=4-29. 

This  calculation  was  checked  by  formula  (7)  as  fol- 
lows : — 

n  +  ^a=^  984-4-1000=4-29. 

Determination  of  Kj  and  Kg. 

p 

^  =  10,     a:i  =  508-5, 
Ri=10(1000-a;i)-a;i  +  10r3-ri  =  4427. 

This  result  was  checked  by  measuring  the  resistance  of 
the  whole  length  of  the  bridge  wire  by  a  second  Wheat- 
stone  bridge.  The  total  resistance  of  the  bridge,  including 
the  ends,  was  0*234  ohm,  hence  the  value  of  a  division, 
taking  the  value  of  the  ends  as  4*3,  is 

•234 

-75  =  -000233  ohm  per  division. 


1004-8 


The  resistance  of  R^  was  found  by  the  bridge  to  be 
r0335  ohm,  which  is  equivalent  to  ^^^  =  4435  divisions. 

B^  was  taken  as  the  mean  of  4427  and  4435  =  4431 
divisions. 

Rg  was  similarly  found  to  be  4360  divisions. 

Faltie  of  €. — We  have 

€=Ei  +  R2+ri  +  rj+1000  =  4431  +  4360-|-4-3-|- 1000=9795 -3. 
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(For  convenience  of  calculation  E^  was  increase 
became  10,000  nearly.) 

Comparison  of  Jiesistances. 

B«fiistance  P  compared  with  a  standard  ohm. 
=  10-8, 


2B 


21  ■( 


^l'002ie  ohm. 


-Use  of  Slide  Bridge- 
Method. 


-Carey  Foster's 


61.  Exa-cise. — To  measure  the  resistance  of  a  coil  that  ] 
ia  nearly  equal    to    a    standard  ohm,    by  Carey  Foster's 
method,  and  to  determine  its  temperature  coefficient 

Apparatus — The  experience  gained  by  the  student  in 
the  foregoing  lessons  will  have  showu  him  that  the  bridge 
arrangements  already  described  require  some  very  desire- 
able  improvements,  especially,  (1.)  A  better  slider,  per- 
mitting a  more  accurate  adjustment,  and  provided  with  a 
vernier  for  reading  off  its  position.  (2.)  A  bridge  wire 
of  non-oxidisable  material,  drawn  with  care,  so  as  to  be 
of  the  same  diameter  throughout,  and  of  sufficient  hard- 
ness not  to  become  injured  by  the  pressing  upon  it  of  the 
contact-piece.  (3.)  Some  convenient  method  of  inter- 
changing the  coils  without  displacing  them  from  the  mer- 
cury cups.  (i.)  Suitable  water  baths,  for  keeping  the 
coils  under  measurement  at  a  constant  temperature. 

(I.)  A  bridge  is  exhibited  in  Fig.  84  which  will  satisfy 
the  first  two  conditions.  A  rod  mil,  supported  at  the  two 
ends  of  the  bridge  so  as  to  be  capable  of  being  moved 
longitudinally  by  means  of  the  screw  s,  passes  through  an 
opening  at  the  back  of  the  slider  (Fig.  85),  and  may  be 
clamped  to  the  slider  by  means  of  the  screw  c.  When  the 
clamp  screw  c  is  unfastened,  the  slider  with  the  connecting 
wire  d  may  be  moved  from  one  end  of  the  bridge  to  the 
other  quite  readily,  but  when  c  is  clamped  the  slider  can  only 
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be  moved  by  tuming  the  screw  s,  thus  allowing  a  fine  ad- 
juBtment  movement  of  about  an  inch.  The  contact-piece, 
when  pressed  by  the  knob  k  against  the  wire,  may  be  held 


1 


in  position  by  means  of  the  lever  /.  The  wire,  of  1  "5  mm. 
diameter,  is  made  of  platinum-iridium,  which,  in  addition  to 
its  sufficient  hardness  and  non-liability  to  oxidation,  has  a 
low  temperature  coefficient    It  will  . 

he  seen  that  the  bridge  has  only 
a  central  gap  terminating  m  two 
copper  rods  a,  h,  which  are  intended 
to  fit  into  two  mercury  cups 

(11.)  In  order  to  facOitate  thit 
making  of  the  connections  and  the  ' 
interchange  of  the  coils  a  switch  . 
board,  such  as  is  shown  m  plan 
{Fig.  86),  will  be  required  A  B 
C  D  is  a  base-board  of  ebonite 
or  well  varnished  mahogany,  with 
four  large  mercury  cups,  m,  n,  m , 
and  n',  and  eight  smaller  cups,  i'. 
b,c,  d,  a',  b',  d,  d',  the  latter  fixed 
at  the  end  of  four  bars  of  copper, 


with  V 


1  they  are  ii 


metallic  connection.     Bars  of  copjicr  connect  the  two  lower 


Hg.  SS.—Tbs  SwiTca  Bo*BC  (9,  P.  Thnmpson'ii  PattiTn 

in  connection  witli  plates  of  copper,  ff  and  A,  each  provided  I 
with  two  binding  screws.  Finally,  a  bar  of  copper  with  j 
three  binding  acrewB,  k,  I,  f,  is  fixed  at  the  top  of  tho  1 
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board.  Short  bare  of  copper  with  bent  ends  are  provided 
for  making  connections  between  the  krge  and  the  small 
mercury  cups. 

(111.)  For  maintaining  the  coils  at  a  coDBtuiit  tetapera- 
ture  during  tlie  measurement  they  must  be  kept  in  zinc 
cans,  through  which  a  current  of  water  is  flowing.  It  is 
found  that  the  temperature  of  tlie  water  from  the  town 
mains  is  sufficiently  constant  for  the  pui^oae.  The  cans 
should  be  provided  with  atiirera  and  thermometers. 

(IV.)  A  copy  of  a  standard  ohm  will  be  required.  The 
coil,  which  is  of  platinum  silver,  thoroughly  insulated  by 


silt  and  paraffin,  is  mounted  within  a  brass  case  AB  (Fig. 
87).  Its  ends  are  soldered  to  thick  copper  rods  r  and  r' 
for  the  purpose  of  making  connections  with  mercury  cups. 
The  coil  is  at  the  lower  portion  of  the  case  B,  the  upper 
portion  A  being  filled  in  with  paraffin  up  to  the  top  P. 

VOL.  U.  M 
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A  hole  t,  for  the  reception  of  a  thermometer,  runs 
through  the  case.  The  standard  is  accompanied  by  a 
certificate,  giving  the  temperature  at  which  it  is  correct, 
the  temperature  coefl&cient,  and  instructions  to  be  observed 
in  using  the  ohm.  The  following  is  a  copy  of  such  a 
certificate  relating  to  a  standard  BA  coil : — 

No.  38.     Right  at  16°-5. 

The  resistance  of  this  coil  at  the  temperature  of  16** '5  C.  is  equal  to 

One  BA  Unit, 

M&tre 
representing  one-^ j-  x  10'  (electro-magnetic  absolute  measure). 

The  coil  is  made  of  an  alloy  of  platinum  and  silver,  and  within  5* 
on  either  side  of  the  above  temperature  the  resistance  varies  '031  per 
cent  for  each  degree  centigrade,  increasing  with  the  increase  of  tem- 
perature. The  temperature  of  the  coil  should  be  observed  by  noting 
the  temperature  of  water  in  which  the  lower  portion  (up  to  the 
shoulder)  is  to  be  placed.  The  water  must  be  stirred  from  time  to 
time.  The  coil  is  heated  by  every  observation,  and  no  two  accurate 
observations  can  be  made  within  ten  minutes  of  each  other.  No 
current  should  be  allowed  to  pass  through  the  coil  from  a  powerful 
battery,  nor  from  a  weak  battery  except  for  very  short  periods. 

Mercury  cups  are  supplied  for  connecting  the  coils  with  other  con- 
ductors. Before  using  the  coil  the  ends  of  the  copper  wire  and  the 
copper  plates  in  the  mercury  cups  should  be  reamalgamated.  To  do 
I  this,  dip  the  ends  of  the  wire  and  the  plates  into  a  solution  made  by 

dissolving  mercury  in  nitric  acid  (ta^ng  care  that  a  little  metallic 
mercury  be  always  present  in  the  solution).     Then  wipe  the  wires  and 

Elates  with  blotting  paper,  when  they  will  be  found  covered  with 
rilliant  metallic  mercury.     The  mercury  in  the  cups  should  be  clean. 

The  following  is  the  form  of  the  certificate  relating  to 
the  new  standards: — 


M 
.  I 


This  is  to  certify  that  the  resistance  coil  X  has  been  tested  by  the 
Electrical  Standard  Committee  and  that  its  value  at  a  temperature  of 
4"  C.  is  P  Legal  Ohms. 

It  has  been  assumed  for  the  purpose  of  this  comparison  that  1  Legal 
Ohm  is  equal  to  1'0112  BA  units. 

(V.)  Other  Apparatus  Required. — Supply  of  hot  water, 
galvanometer,  battery,  and  key. 

Theory  of  the  Method. — Make  the  connections  figured 
(Fig.  88),  where  P  and  Q  are  the  coils  which  it  is  wished  to 
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compare,  while  E^^  and  Eg  are  two  resistances  approximately 
equal  to  P  or  Q.  The  reading  will  thus  be  brought  to  the 
centre  of  the  bridge.    When  a  balance  is  established  we  have 

Ri_     V  +  r^+Xjp 
5~Q  +  ^a  +  (L-aJi)p 

where  3^  is  the  bridge  reading,  p  is  the  resistance  of  a 


(1) 


f 


'■'■'■' 


Fig.  88.— CoNNEC?riON8  OF  Method  III. 


division  of  the  wire,  and  L  is  the  total  number  of  divisions. 
Eeverse  the  position  of  P  and  Q,  then  we  have 


Ri_     Q  +  Ti+x^ 
'R^~P  +  r^  +  {Jj~x^)p 

x^  being  the  new  bridge  reading. 
From  (1)  we  have 

Rj     _       T+r^+Xip 


(2) 


Ri  +  R..     P  +  Q  +  r-i  +  ra  +  Lp 

and  from  (2)  we  have 

Ri     _      Q+Ti+x^ 
Ri  +  R3~P  +  Q  +  ri  +  ra  +  L/) 

From  (3)  and  (4)  we  get 

Q  +  rj  +  ajjj/D = P + rj + ajip, 
Q-'P=p{xi-X2) 


(3) 


(4) 


hence 


(5) 


an  expression  which  is  independent  both  of  the  length  of 
the  bridge  and  of  the  resistance  of  its  ends,  and  which 
gives  us  the  difference  between  the  two  resistances  in 
terms  of  the  difference  of  the  bridge  readings  and  of  the 


] 
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resistance  of  unit  of  length  of  the  bridge  w, 

mula  is  hence  one  of  extreme  simplicity  and  convenit 

When  P  is  of  unit  resistance,  we  obtain 

Q=]+K',-^,)  -       .        .     (6) 

Pnicike  of  (lie  Method. — The  appropriate  connection  must 
first  be  made  by  help  of  Figs.  86  and  88.  The  coils  Rj  and 
B^,  each  of  about  an  ohm,  will  not  have  to  be  displaced,  and 
must  have  their  ends  clamped  under  the  binding  screws. 
It  is  important  that  these  coils  be  kept  at  ii  uniform 
temperature,  hence  it  is  better  that  they  should  be  ivound 
together  and  placed  in  the  same  water  bath.  P  and  Q,  the 
coils  under  comparison,  must  have  tlie  ends  of  the  copper 
rods  forming  their  terminija  well  amalgamated,  and  they 
are  then  placed  in  the  large  mercury  cups.  Clamps  or  elastic 
bands  should  be  used  to  press  the  rods  firmly  to  the  bottoms 
of  the  mercury  cups.  A  stream  of  water  from  the  town 
mains  should  be  passed  through  tbe  water  baths,  and  read- 
inga  taken  of  the  bridge  and  the  thermometers.  Next,  the 
position  of  the  copper  connectorB  must  be  changed  and  a  new- 
observation  taken.  We  must  now,  as  advised  by  Fleming, 
raise  the  temperature  of  the  bath  containing  the  coil  Q  to 
about  20°  C.  above  the  temperature  of  P,  and  allow  the 
temperature  to  fall  slowly  some  5  degrees,  by  which 
time  the  temperature  of  the  coil  will  probably  be  that  of 
the  bath.  Keadings  are  then  taken  in  the  two  positions  of 
the  switch  as  before.  The  value  of  the  observations  will  de- 
pend largely  upon  the  attention  that  has  been  given  to  the 
regulation  of  the  temperature  ;  the  wire  being  embedded  in 
paraffin,  its  temperature  will  not  he  known  within  0°1  C, 
which,  however,  will  ordy  cause  an  error  of  about  "003  per 
cent.  To  ascertain  when  the  temperature  of  the  wire  is 
equal  to  that  of  the  bath,  the  arrangement  suggested  by 
Chrystal  of  placing  a  properly  insulated  junction  of  a 
thermo-electric  couple  as  near  as  possible  to  the  wire,  the 
other  junction  being  fixed  to  the  outer  casing  of  the  coil. 
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may  be  adopted.  When  the  junctions  are  at  the  same 
temperature  a  galvanometer  included  in  their  circuit  will 
show  no  current 

Example, — 

(1)  Left  P  Right  Q  Reading     598*0 

„  Q  „    P  „  490-2 


Temperature  12*'  C.  Difference  107-8 

p=  -00022.     P  correct  at  le**  C.     Temperature  Coefficient  =  -03. 

Q-P=  -00022  X 107-8=  -0237. 

P=l-(4x-0003)=-9988. 
Q  =  -9988  +  -0237  =  1  -0225  ohm. 
(2)  P  at  12*'  C.  Q  at  27°  C.  Difference  of  Reading = 123-5. 

Hence  the  coil  Q  of  1-0225  ohm  has  increased  in  resistance  by  (123*5  - 
107 '8) '0002=:  '00314  ohms  when  its  temperature  has  been  raised  from 
12*  to  27°,  or  through  15°.  Hence  the  temperature  coefficient  is  per 
cent  per  degree  equal 

•00314^000^.^204 
1  -0225  X 15 

Determination  of  p, — We  must  next  consider  some 
method  for  finding  the  value  of  p. 

Method  I. — Obtain  a  resistance  Q  somewhat  less  than 
that  of  the  bridge  wire,  and  balance  it  against  a  resistance 
P,  consisting  of  a  thick  copper  bar  whose  resistance  may 
be  neglected,  then 

but  P  =  0  nearly,  hence 

P=^ (7) 

If  Q  has  a  small  value,  some  special  method  of  deter- 
mining its  resistance  must  be  used. 

Method  II. — As  in  equation  (7),  let  us  obtain 

Q=p5i (8) 

where  Q  is  a  resistance  somewhat  smaller  than  that  of  the 
bridge  wire,  and  \  is  the  difference  of  readings. 

Place  Q  in  multiple  arc  with  a  standard  unit  P,  and 
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balance  the  combination,  as  in  the  previous  case,  against  aM 
negligible  resietance ;  then,  Gince  F  and  Q  are  in  nmltiple>l 
arc,  their  united  resistance  will  be  n'^p;    and  hence  t 
shall  have 

Q^-pS.     ,       .       .       , 

where  B^  is  the  difference  of  readings. 

Eliminating  Q  between  (8)  and  (9),  we  obtain 


t-M 


and  thus  p  would  he  directly  known,  in  terms  of  tha.l 
Btandard  unit. 

Method  III. — Measure  the  resistance  of  the  bridge  witefl 
directly  by  moans  of  another  bridge  in  which  r,  and  r^  arefl 
known.  Then  find  p  by  dividing  the  total  resistance  bj^-fl 
the  total  equivalent  length  of  bridge  wire  and  ends. 

C'alibraiv/n  ofiJie  Bridge  IFire.^^In  the  preceding  metbodaw 
it  haa  been  assumed  that  the  resistance  of  the  bridge  wirel 
is  constant  throughout.     We  cannot,  however,  be  sure  o(^ 
this,  and  hence  we  must  calibnite  the  wire.     The  following 
is  the  method  devised  by  Carey  Foster  for  this  purpose. 

The  bridge  wire  EF,  in  order  to  be  calibrated,  muB^fl 
be  connected  with  a  second  bridge  wire  E'P',  after  thftS 
manner  of  Fig.  89.     The  gaps  of  the  bridge  at  A  and  !>■ 


are  closed  by  two  resistances  ;  that  at  A,  the  "  cmmedor," 
as  small  as  possible,  that  at  O  is  a  small  piece  ot  ^' 
whose  resistance   is  equal  to  that  of  the  length  of  EP,^ 
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which   we  wish  to   test.     This  is    called    the   ^*  gauged* 

The  movable  contacts  m  and  n  are  connected  with  the 

galvanometer.     The  process  is  as  follows: — 

(1.)  w  is  placed  very  near  F,  and  then  n  is  moved  until 

a  balance  is  obtained. 

(2.)  The  connector  and  gauge  are  now  interchanged, 

and  m  is  moved  until  a  balance  is  restored. 

(3.)  The  connector  and  gauge  are  restored  to  their  first 

positions,  and  n  moved  so  as  once  more  to  produce 

a  balance. 

These   processes  are  repeated  until  m,  by  successive 

steps,  is  brought  near  to  E  and  n  near  to  E',  and  then 

both  EF  and  E'F'  will  have  been  divided  into  short  pieces  of 

equal  resistance,  while  between  the  resistance  of  one  piece  of 

the  one  bridge  and  that  of  one  piece  of  the  other  there  will 

be  a  constant  ratio.     This  we  shall  now  proceed  to  show. 

Let  the  resistances  of  the  several  parts  (see  Fig.  90) 

be  as  follows : — 

That  of  gauge =G,  of  EF  =L. 

Connector       =  C,  of  E'F'  =  L'. 

Permanent  connectors  between  a  and  E  =e. 

a  and  E'=e'. 
b  and  F  =/. 
b  and  F'  =/. 


>  1 


>> 


>> 


>» 


>> 


»' 


E-^ r 


r— C- 


6' 


n 


Gal. 


F 


a 


h 


r 


G-n 


E 


«<*~-—r— - 


-Iff 


Fig.  90. 
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Call  the  resistance  of  Em  =  r  and  of  E'n  =  r'. 
Let  us  first  suppose  that  the  connector  and  gauge  are 
in  the  position  figured  ;  then  we  have 

C+e  +  r  e'  +  r' 


G+/+L-r~/'  +  L'-r' 


(1) 
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Now,  interchange  G  and  C,  Bind  move  m  (m  remaininj 
undisturbed)  nntil  a,  balance  is  obtained ;  then  wa  Iiave 


C+/+L-r   Z'  +  L'-i-', 


(m 


where  r\  is  the  resistance  between  E'  and  the  new  poaitioia 
of  71,  so  that  /j  -  r'  =  resistance  of  the  portion  of  t' 
bridge  E'F'  that  n  has  po-ssad  over.     IVom  (1)  and  (2)1 
we  obtain 


■/  =  (G-C)^- 


j^+Z  +  L^ 


g+cVb+/+l" 


m 


If  now  C  and  G  bs  again  interclianged,  and  m  be  movi 
until  the  balance  ia    again  established,  then    by  Foster'; 
ordinary  formnla  (5),  (p,  163),  G  —  C  is  equal  to  the 
siatance  of  that  portion  of  EP  that  m  paaaes  over, 
we  see  from  (3)  that  G  -  C,  aa  well  as  its  multiplii 
conetant      But,  r'j  -  /  being  the  resistance  of  the  pi 
moved  over  by  w,  it  follows  from  (3)  that  this  " 
constant,  inasmuch  as  it  ia  equal  to  the  product  of  twol 
constant  quantities.     Moreover  r'j  -  r'  and  O  -  C  will 
the  resistances  paased  over   at  the  auoceasive  ateps  o 
and  m.     Accordingly  both  EF  and  E'F'  will  be  dividi 
into  parts  of  equal  resistance,  so  that  two  bridges  may 
calibrated  at  the  same  time. 

Example. — Two    bridges,  which  had  been  in    use 
some  time,  were  calibrated.     It  was  found  necessary  to! 
take  special  precautions  to  avoid  thermo-electric  current 
which  had  a  tendency  to  be  produced  at  the  two  slidii 
contacts  and  at  the  ends  of  the   bridge.      The  effect 
these  currents  at  the  eliding  contacts  was  eliminated  by 
method  (3),  p.  163,  and  that  of  the  currents  from  the  ends 
of  the  bridge  by  the  use  of  a  commutator  in  the  battery 
circuit.     The  following  table  exhibits  the  mean  of  the 


the^^j 
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Beading 
Bridge  EF. 

Difference. 

Beading 
Bridge  E'F. 

Difference. 

0 
89-7 
180-6 
273-8 
363-6 
453-3 
545-0 
639-0 
730-5 
820-8 
914-0 

89-7  (a) 
90-9  (b) 
93-2  (c) 
89-8  (d) 
89-7  (e) 
91-7  (/) 
94-0  (g) 
91-5  W 
90-3  (k) 
93-2  (I) 

157 

312-2 

467-8 

•      623-1 

776-5 

930-9 

1090 

1247-7 

1400-1 

1555-9 

1711-2 

155-2  (a) 
155-6(6) 
155-3  (c) 
153-4  (d) 
154-4  (e) 
159-1  (/) 
157-7  (g) 
152-4  (h) 
155-8  (k) 
155-3  (I) 

Taking  the  resistance  of  the  bridge  EF  from  0  to  914 
as  *213  ohm,  this  will  be  the  sum  of  the  resistances  of 
the  various  parts  (a)  +  (b)  +  (c),  etc. 

Now,  since  each  of  these  has  the  same  resistance,  the 


resistance  of  any  one  of  them  will  be  -tq-  =  '0213. 


10 


We  must  now  draw  up  a  table  exhibiting  the  value  of 
the  resistance  of  one  division  of  the  bridge  at  the  various 
parts  by  dividing  •0213  by  (a),  {b),  (c),  etc.  These  values 
are  given  below. 


Part  of  Bridge. 

0  -  89-7 
89-7-180-6 
180-6-273-8 
273-8-363-6 
363-6-453-3 
453-3-545 
545  -639 
639  -730-5 
730-5-820-8 
820  -8-914 


Value  of  p. 

•0002374 
•0002343 
•0002286 
•0002372 
•0002374 
•0002323 
•0002266 
•0002328 
-0002359 
•0002286 


62.  Additional  Exercises. — (1.)  Mount  half  a  m^tre  of 
No.  34  B.  W.  G.  platinum  wire  coiled  in  a  spiral  within  an 
oil  bath,  and  determine  the  resistance  at  various  temper- 
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aturea.     Draw  a  curve  of  the  results,  also  find  the  con- 
Btottts  iu  the  formula 

R^ari  +  ^r  +  Y, 

where  E  is  the  resistance  at  the  temperature  t,  reckoned 
from  the  absolute  zero  (  -  273°  C),  and  a,  fi,  and  y  are  the 
required  constants.  Compare  your  results  with  those  of 
Siemens,  whose  paper  should  be  consulted — "  Electrical  Re- 
sistance Thermometer  and  Pyrometer,"  by  C.  W.  Siemens. 
See  Transactions  of  the  Society  of  Telegraph  Engineers,  1875, 
(3)  Make  an  ohm  coil  by  the  skmt  method  as  follows  : — 
A  length  calculated  to  within  '5  cm.  is  cut  off  from  a  gample 
of  thick  insulated  wire,  of  which  the  resistance  per  cm. 
is  approximately  known,  2  per  cent  being  added  to  the 
length  before  the  wire  is  cut  off.  Solder  and  compare 
with  a  standard  unit  by  Foster's  method.  We  want  now 
to  find  what  must  be  the  resistance  of  a  shunt  coil  in  order 
that  when  combined  with  the  coil  that  has  been  measured 
{and  which  is  rather  greater  than  an  ohm),  the  two  in 
multiple  arc  may  be  exactly  1  ohm  in  resistance.  Let  E^ 
be  the  resistance  of  the  first  rough  approximate  coil,  and  S 
the  resistance  of  a  shunt  coil  which  will  reduce  R,  to  unit 
resistance,  then 


Thus  11  m^tre  of  No.  24  B.  W.  G.  German  silver  wire 
'66  cm.  diameter  was  cut  off  and  soldered.     £,  =  1-030! 
temperature  I7°'2,  S  =  33'9.      Next  7'05  miitre  of  German" 
silver  of  Ko.  36  B,  W.  G.  at  30-8  cm,  per  ohm  was  cut  off, 
and  without  further  measurement  soldered  to  the  terminals 
of  E,,     The  combination  measured  1-008  at  17°-3 
Professor  &  P.  Thompson  "  On  the  Adjustment  o 
ance  Coils,"  Pro.  Phys.  Soc,  vol,  vi.  p.  47, 


a^^^^ 
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63.  Modijkd  Fmns  nf  the  Slide  Bridge.— The  form  of 
bridge  wliich  we  have  called  the  slide  bridge  is  due  to 
KirehhofF.  This  form  being  the  most  suitable  for  the  eom- 
parisou  of  standard  coils,  electriciaus  have  devoted  much 
attention  to  the  improvement  of  its  construction.  A  few 
of  their  memoirs,  with  accompanying  references,  are  outlined 
below : — 

(1.)  "On  the  Reproduction  of  Electrical  Standards,"  by  A. 
Matthiessen  and  C.  Hockin,  B.  A.  Eeporf,  1864,  p.  352.^A 
plfttinum-iridium  wire  used.  Sledge  of  lead  with  platinum 
contact.     Sledge  ran  on  a  tramway  parallel  to  wire. 

(2.)  Siemens  (Wiedemann,  EUkiridtut  (1882),  vol.  i.  p. 
463)  uses  the  same  method  of  moving  the  slider  that  we 
have  given  iu  the  last  lesson,  and  describes,  ia  conjunction 
with  i)ahms,  a  mercury  cup  commutator. 

(3.)  "Electrical  Balance  for    Eeproduction  of   Exact 

K  Copies  of  the  Standard  of  Resistance,"  by  Fieeming  Jenkin, 

B.A.  Bepori,  1862. — The  bridge  being  mainly  required  for 

making  copies,  has  only  a  short  length,  and  ia  used  witJi 

proportional  coils, 

(4.)  "A  NowFormofKeaistance  Balance  adapted  for  com- 
paring Standard  Coils,"  by  Dr.  Fleming,  Pro.  Fhys.  Soc.,  voL 
iii  p.  174. — Here  a  circular  disc  of  mahogany  has  a  semicir- 
cular groove  turned  in  its  circumference.    A  platinum-iridi- 
um  wire  is  laid  evenly  iu  the  groove.    Contact  is  made  by  a 
platinum-iridium.  wedge  fixed  to  a  radial  arm.     A  series  of 
mercury  cups  are  used  for  the   connectione,  and  are   so 
■  arranged  that  the  interchange  of  the  coils  may  be  brought 
I  about  by  lifting  the  legs  of  the  coils  and  replacing  them  in 
I  adjacent  mercury  cups.     A  very  high  degree  of  accuracy 
t  may  he  attained  with  this  bridge,  which  has  been  much 
I  naed  for  verifying  copies  of  the  legal  ohm, 

(5.)  "On  a  Modified  Resistance  Balance,"  by  Professor 
I  8,  P.  Thompson,  Pro.  Phys.  Soc,  vol  vi  p.  121  .—Returns  to 
I  the  straight  form  of  bridge,  with  a  length  of  two  metres. 
j  Two  wires  are  stretched  on  the  bridge,  a  thick  German 
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silver  one  of  '24  ohm,  and  a  finer  platinum-ail ver  one  < 
8'2  ohms.     Either  wire  may  bo  used  at  pleasure  by  the  u 
of  a  switch.     A  Beriea  of  mercury  cups  are  uaed  for  tlU 
conuBctiona,  arranged  in  the  manner  that  has  been  describ* ' 
in  the  last  lesson. 

(6.)  "  On  a  Practical  Point  in  connection  with  the  Com 
parison  of  Resistance,"    by  W.  N.  Shaw,  Pro.  Phi/s.  T 
vol.   vi.  ]i.    71.- — DescribeSi  how  the   coils  may  1 
changed  by  rotating  a  crank  to  the  right  or  left 

64,  Jikeosiats. — An  arrangement  permitting  u 
crease  or  diminish  gradually  the  resistance  in  ; 
without  the  sudden  changes  that  are  occasioned  when  ^ 
box  of  coils  is  used  has  many  and  important  applications  q 
electrical  measurements.  Several  electricians  have  ^ 
tempted  to  produce  a  satisfactory  rheostat,  as  this  in^ 
ment  is  called.  Wheatatone  employed  for  this  purpos 
two  cylinders,  one  of  brass  and  the  other  of  wood,  on 
the  latter  of  which  a  spiral  groove  was  cut,  the  resistance 
being  gradnally  varied  by  winding  an  uninsulated  wire 
from  tJie  wood,  where  the  several  coOs  were  '  '  '  "^ 
from  each  other,  to  the  brass  where  short-circuiting  wal 
produced.  The  arrangement  is  defective  both  on  ac 
of  the  injury  to  the  wire  in  winding  and  the  i 
tainty  of  the  contact  with  the  brass.  A  leas  knowj 
but  far  better  form  was  also  uaed  by  Wlieatatonej 
in  which  the  wire  of  the  rheostat  is  laid  once  fq 
all  in  a  spiral  groove  turned  in  an  insulating  cylindel 
The  groove  was  of  less  depth  than  the  diameter  c~  " 
wire,  so  that  the  latter  projected  somewhat.  When  t 
cylinder  was  turned  (it  was  mounted  on  a  horizontal  a 
a  small  contact  wheel  was  made  to  travel  by  the  acred 
action  of  the  spirally  laid  wire  along  a  fiaed  rod. 
this  way  different  lengths  of  the  wire  could  be  included  i| 
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the  circuit.  The  arraugement  ia  not  free  fiom  olijection, 
owing  to  the  iacb  that  the  contact  hctwcen  the  wheel  aud 
the  wire  may  not  be  always  equally  good.  Several 
rheostats  have  been  made  on  the  principle  of  stretching 
two  wires  horizontally  on  a  board,  and  short-circuiting  more 
r  less  of  the  wire  by  means  of  a  massive  metal  block  or 
by  means  of  a  vessel  containing  mercury.  Such  is  the 
principle  of  the  rheostata  of  Poggendorff  and  du  Bois- 
Beymond.  Here  the  defects  due  to  contact  are  very  great. 
The  same  remark  will  apply  to  rheostats  constructed  on 
the  principle  of  immersing  different  lengths  of  platinum 
wire  in  a  vessel  of  mercury. 

A  rheostat  was  some  time  since  devised  by  one  of  the 
writers  of  this  work,  and  was  likewise  independently  in- 
vented and  described  by  Bidwell,'  on  a  principle  that  seems 
tobefroefromtheimperfectionsof  those  we  have  mentioned. 
An  insulated  cylinder  (Fig.  91),  consisting  by  preference  of 


Fig,  ni.— TilE  BUEosnT. 

a  hollow  tube  of  ebonite  with  brass  ends,  has  a  spir;d 
groove  in  which  a  German-silver  wire  is  laid.  So  far 
the  instrument  resembles  Wheatstone's  second  form,  but, 
unlike  it,  instead  of  being  mounted  to  revolve  without 

'  I'hil.  Mag.,  July  1880,  "On  a  Modification  of  Wheatatone'a 
Blieostat,"  by  Shelford  Bidwell,  M.A,  It  apjiears  tliat  Jucubt  ased  a 
rimilar  form,  see  Po^.  Ann.,  Bd.  lis.  a.  H&  (1813). 
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other  movement,  the  cylinder  is  provided  with  a  long 
brass  axle  AD,  upon  one  end,  AB,  of  which  a  screw  of 
the  same  pitch,  as  that  of  the  cylinder  is  cut.  The  axle 
revolves  in  two  brass  bearings,  the  distance  between  them 
being  equal  to  twice  the  length  of  the  cylinder ;  and  one 
of  the  bearings  has  an  inside  screw  corresponding  with 
that  upon  the  axla  Midway  between  the  bearings  is  the 
contact  E,  provided  with  a  notched  plate  of  platinum. 
Both  ends  of  the  spiral  wire  are  electrically  connected  with 
the  brass  axles,  and  thence  with  terminals  h^  and  h^  upon 
the  base -board.  The  platinum  contact  is  directly  con- 
nected with  a  second  terminal  h^  by  an  insulated  wire  a. 
When  the  cylinder  is  turned  it  travels,  owing  to  the  screw 
arrangement  in  the  left-hand  axis,  backwards  or  forwards, 
while  the  point  of  contact  of  the  platinum  remains  fixed  in 
space.  Thus  more  or  less  resistance  is  introduced  between 
the  two  terminals.  This  arrangement  obviates  the  several 
imperfections  due  to  Wheatstone's  rheostats,  for  (1.)  the 
wire  always  remains  fixed  and  does  not  leave  its  groove ; 
(2.)  there  is  no  lateral  stress,  as  in  Wheatstone's  second 
form,  tending  to  force  the  wire  out  of  the  groove ;  and  (3.) 
there  is  always  good  contact  between  the  platinum  and  the 
wire.  The  instrument,  shown  in  Fig.  91,  which  has  been 
made  for  the  Owens  College  Physical  Laboratory,  is  pro- 
vided with  a  fine  adjustment  screw  at  S,  enabling  the  plati- 
num contact  to  be  moved  through  a  small  distance,  which 
may  be  read  off  by  the  help  of  a  small  scale  on  the  upper 
part  of  E.  By  pressing  the  lever  L,  a  flat  piece  of  metal 
that  forms  the  nut  of  the  screw  is  withdrawn  from  the 
thread,  and  simultaneously  the  rod  r  is  turned  which  raises 
the  contact  from  the  wire,  thus  allowing  the  axles  to 
be  pushed  through  their  bearings  without  the  necessity  of 
turning  D.  This  enables  the  rheostat  to  be  quickly  set  at 
any  desired  position. 

65.  The  Multiple  Arc  Box, — By  arranging  a  resistance 
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box  80  that  the  resistance  coiJa  may  I>e  plaoeil  in  multiple 
arc  inatead  of  series,  it  is  possible  to  make  the  alteration 
of  resistance  in  a  circuit  as  gradual  as  may  be  desired  A 
resistance  box  arranged  in  this  "way  pi'esents  in  a  combined 
form  many  of  the  advantages  of  bctli  a  rheostat  and  a 
box  of  coils.  For  example,  suppose  that  we  have  in  circuit 
a  coil  of  10  ohms,  and  that  it  is  wished  to  diminish  some- 
what the  resistance.  If  we  combine  with  the  10  olmis  a 
coil  in  multiple  arc  of  10,000  ohms,  the  joint  r 


By  the  successive  additions  of  coils  in  multiple  arc,  the  re- 
sistance may  be  dimiiiishi-d  until  a  particular  resistance, 


accurate  perhaps  to  the  hundred-thousandth  of  an  ohm,  is 
attained.  The  arrangement  most  generally  used  consists  of 
a  number  of  coils  arranged  in  a  series  of  powers  of  2.    Fig& 
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92  and  93  show  10  coils  of  1,  2,  4,  8,  16,  32,  64,  128, 
256,  and  512  ohms  conveniently  mounted  for  use. 

By  placing  any  of  the  plugs  in  the  holes  on  the  right 
or  on  the  left  hand  of  EF,  the  corresponding  coils  will  be 
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Fig.  93. 

joined  in  multiple  arc.     The  plug  hole  below  F  is  for  the 
purpose  of  short-circuiting  the  coils. 

In  calculating  out  the  value  of  any  combination,  much 
time  may  be  saved  by  the  use  of  a  table  of  reciprocals.^ 
Thus,  suppose  that  the  coils  2,  8,  and  16  were  used,  then 
the  calculation  becomes  : — 


2  ohms 

8     „ 
16  „ 


Reciprocal 

•6 

•126 

•0626 


Sum     -6876 


Reciprocal  of  sum  =  1-454  ohm. 


A  table  should  accompany  the  box,  exhibiting  the  effect  of 
the  more  important  combinations. 

^  Such  as  Barlow's  Tables  of  Squares,  Cubes,  Square  Roots,  Cube 
Roots,  and  Reciprocals  (Spon  &  Co.) 
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Part  IV. — Meashkement  of  very  Low  Resistances. 

06.  Tlie  Wheatstone'B  bridge  is  imauitable  for  this  pur- 
pose, for  when  the  resistance  to  be  measiued  bocomes  small, 
the  error  introduced  by  the  unavoidable  reaistance  of  the 
contacts  becomes  more  important,  and  hence  it  is  desirable 
to  make  use  of  some  method  in  which  the  resistance  of  the 
contacts  may  vary  considerably  without  affecting  the  result. 
Three  such  methods  that  have  been  devised  aro^ 

(1.)  The  method  of  Comparison  of  Potentials. 

(3.)  The  method  of  Projection  of  Bqui-Potentials. 

(3.)  The  method  of  Auxiliary  Conductors. 

The  first  of  these  methods  was  in  use  before  the  inven- 
tion of  the  bridge.  Wheatstone  <?/«;.  Tram.,  1843,  p.  323) 
attributes  the  principle  of  it  to  Petrini ;  the  second  is  due 
to  Matthiessen  and  Hockin,  and  was  employed  by  them  In 
determining  the  resistance  of  metals  in  the  form  of  bars 
''  'oroionj,  1867,  p.  +23),  while  the  third  was  invented 
by  Sir  Wm.  Thomson  ("  New  Electrodynamic  Balance  for 
Resistance  of  Sliort  Bars  or  Wires,"  Phih  Mag.,  4th  series, 
vol.  xxiv.,  1862,  p.  149). 

We  shall  describe  these  methods  in  order  in  the  follow- 
ing lessons. 


Lesson  XXX. — Method  of  Comparison  of 
Potentials. 

67.  Sxercise. — To  find  the  resistance  of  '5  mf^tre  of  No. 
20  S.  W.  G.  copper  wire,  and  thence  to  determine  its  specific 


Apparalus. — A  high  resistance  reflecting  galvanometer, 

L  -^  ohm  coils  with  copper  connecting  pieces,  mercury 

cups  for  connecting  the  coils  in  multiple  arc.     A  Grove's 

cell  in  good  condition,  keys,  and  commutator.     Also  knife- 
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I  for  making  connect  ioiiB,    which  wc   shall    describi 


Theory  of  the  Method, — The  Btudent  who  has  graspe 
the  principle  involved  in  the  proof  of  Ohm's  law  givei 
in  Lesson  XX.  will  see  that  the  same  principle  may  I 
ntiliaed  for  the  comparison  of  reaistancea.  Let  AC,  "  _ 
(Fig.  94)  be  two  resistances  connected  together,  the  length 
of  the  lines  being  proportional  to  and  thus  denoting  the 
resistance,  and  suppose  that  we  wish  to  compare  the  resist- 
ance  denoted  by  ab  with   the  resistance   denoted  by  ci^g 


Connect  A  and  B  with  a  battery,  then  between  these  points 
there  will  be  a  fall  of  potential  which  may  be  graphically 
represented  by  BE,  the  slope  of  which  will  denote  the  rate 
of  change  of  potential.  The  difference  between  the  poten- 
tials at  a  and  h  will  thus  be  represented  by  the  difference 
between  iia'  and  bb' ;  let  us  call  this  difference  Vj.  In  like 
manner  V^  may  be  taken  to  represent  the  difference  ( 
potential  between  c  and  d.  But  evidently  (since  EB  u 
straight  line  by  Ohm's  law,  that  is  to  say,  since  differenofl 
of  potential  is  proportional  to  resistance) 


IV.] 
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To  find  the  ratio  between  Vj  and  Vg  it  is  sufficient, 
first,  to  place  at  the  point  a  one  of  the  electrodes  of  a 
galvanometer  whose  resistance  is  very  great  compared  to 
that  between  a  and  5,  the  other  electrode  being  at  h.  A 
deflection  D^  will  be  produced.  On  transferring  the  elec- 
trodes to  c  and  d,  let  the  deflection  now  be  Dg.     Then 

Da~Va~cd* 

Here  evidently  the  resistance  of  the  contacts  need  not 
be  made  a  matter  of  special  concern,  for  in  the  circuit  in- 
cluding these  contacts  there  is  the  high  resistance  of  the 


Fig.  95. — Connections  kok  Fall  of  Potential  Method. 

galvanometer.    It  will  be  remarked  too,  that  the  resistances 
at  A,  B,  and  C  are  not  involved  in  the  measurements. 

Practice  of  the  Method. — Make  connections  as  seen  in 
Fig.  95.  Here  the  battery  is  a  Grove's  cell,  K^  is  a  com- 
mutator, Kg  a  switch  key,  ah  the  '01  ohm  standard,  con- 
sisting of  ten  '1  ohms  placed  in  multiple  arc.    The  arrange- 


PRACTICAL  PHYSICS. 

ment  of  these  ooUs  will  beat  be  seen  in  Fig.  96,  where  t 
ten  coUa  are  seen  monntad  on  wooden  reels,  and  provide^ 
with  copper  straps  at  their  lower  ends.     The  two  coppi ' 
straps  belonging  to  each  coil  dip  into  the  channelg  of  1 
cury  tenaioating  in  two  large  mercury  cups  m,  n. 
mercury  channels  and  cups  have  well  amalgamated  shef 
copper  fixed  to  their  bottoms.      Two  slotted  uprights  < 
metal,  having  a  wooden  rod  attached  to  them  by  thui 


l\^-  91}. — BTAimAut  ill  Obil 

screws  rr,  constitute  an  arrangement  for  supporting    tU 
coila,  and  keeping  their  copper  straps  well  pressed  agai 
the  bottom  of  the  channels.     Two  lateral  binding 
one  of  them  being  seen  at  the  front  of  the  figure 
connection  with  the  channels.     Stretched  on  a  board   CD 
(Fig.  95)  is  the  wire  whose  resistance  is  required.      It  i 
provided  with  two  large  binding  screws  at  its  enda. 
(Fig.  95)  is  a  rod  of  wood  having  two  binding  screws  b 
whose  shanks  project  through  the  wood,  as  seen  in  Fig.  siH 
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rThe  end  of  each  of  these  screws  ia  filed  to  a 
One  of  the  binding  screws  ia  movable  in  a  slot 
be  clamped  in  any  position 
by  means  of  a  screw.  The 
knife-edges  are  placed  so 
as  to  rest  on  the  wire, 
the  rod  being  held  in 
place  by  the  arm  7nn  (Fig. 
95),  BO  that  the  knife-edges  just  pre^^ 


md  may 


I 


a  coil  of  high  resistance  placed  in  the  circuit  of  the  high 
resistance  galvanometer  G. 

The  connections  wUl  require  little  explanation,  the  letters 
abed  {Fig.  94)  corresponding  to  the  theoretical  diagram. 
The  pnrpose  of  the  switch  Kj  ia  that  the  gahanometer  may 
readily  be  connected  either  with  a  and  6  or  with  c  and  d  by 
moving  the  switch  in  the  one  direction  or  the  other. 

PrecauiioTis  in  ftHng  the  JfeiAorf.— There  are  two  sources 
of  error.  (I.)  The  rise  of  resistance  caused  by  the  increaae 
of  temperature  produced  by  the  battery  current,  and  (S.) 
inconstancy  of  the  battery.  To  avoid  these  as  much  as 
possible  the  battery  current  must  be  made  for  only  the 
time  actually  required  to  take  the  readings.  It  will  be 
obvious  that  tlie  more  sensitive  the  galvanometer  the  less 
need  will  there  be  to  use  a  strong  current. 

Example. — 5  ohms  were  placed  in  the  circuit  of  the 
Grove's  cell,  and  SOOO  ohms  in  that  of  the  galvanometer. 

Galvanometer  connected  with  ab.     Mean  readings  201  diviaioua. 

„  ,,  cd-  „  130        ,, 

Lengtli  between  knife-edges,  25  cm.     Mbiq  btob,  of  eroBB-section  of 
wire  =  'OOes;  aq.  cm.     Teraperatars  15°  C. 
Besiatsnca  of  standard  =  '01  ohm.     Hence 

Easistaneo  of  length  of  n-ire  between  knife-edges  ^  x  130=  00647. 

_  ■00647  «  -00657 


=  I  700  X  10^°  ohma  per  cnbio  centimtoe. 
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Lesson  XXXI, — The  Method  of  Auxiliary 
Conductors. 

68.  Ejxrcise. — To  compare  the  resistances  of  two  copper 
wires  of  different  thickness. 

Apparatus. — A  low  resistance  galvanometer,  a  Grove's 
cell.  The  wires  whose  resistances  are  to  tie  compared  must 
be  soldered  together,  stretched  on  a  board,  and  provided 
with  binding  screws  at  the  ends.  Two  knife-edge  contact 
makers  are  necessary,  one  may  have  both  contacts  fixed, 
the  other  should  have  one  contact  movable.  Two  resist- 
ancB  coils  of  two  or  three 
ohms  will  be  required.. 
They  should  be  fitted  in  ai 
box,  as  shovm  in  Fig.  98,;' 
where  abc  is  a  resistance: 
coil  bisected  at  6,  and  (&/' 
Fig.  08— BisECTEu  co^Ls  ^  second  coU  bisected  at  e. 

The    ends    and    points    of 
bisection  are  connected  with  binding  screwa     Tlie  coils 


must  be  wounil  so  as  to  be  free  from  self-induction ;  for  I 
sake  of  clearness  this  is  not  shown  in  the  figure. 

Thtory  of  the  Method. — Let  the  conductors  AB  and  CD  1 


I 
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(Fig,  99)  to  be  compared  be  united  together  by  a.  con- 
nection  of  low  refiistance,  and  have  a  current  passing 
through  them,  and  let  the  enda  of  two  other  conductors 
be  applied  as  in  the  figure.  These  auxiliary  conductors 
are  KQL  and  GPH,  and  the  latter  is  called  the  primary 
and  the  former  the  secondary  auxiliary  conductor.  Let 
the  resistance  of  SS'  =  a  and  that  of  XT'  -  x.  At  the 
points  P  aad  Q  the  tenuinaLs  of  a  galvanometer  are  con- 
nected. The  resistances  of  the  several  parts  we  shall 
call  as  follows :  resistance  of  GPH  =  )■„  of  KQL  -  r^  of 
GP  =  py,  of  PH  =  pj,  of  KQ  =  pg,  of  QL  =  />, ;  whence  r^ 
—  p^  +  p^  and  r^-p3+  p^■  We  shall  suppose  that  the 
resistances  of  the  contacts  at  S'G  and  HT'  are  negligible 
compared  with  pj  and  p^  and  those  of  the  contacts  at 
SK  and  TL  negligible  compared  with  p^  and  p^.  Let 
SECT  =  C.  The  whole  resistance  a  in  the  double  channel 
SECT  and  SQT  wiU  be 

c=-^ m 


The  combined  resistance  from  S'  to  T'  (not  including 
the  circuit  8TT')  will  therefore  be 

»+=+a^ (2) 

This  whole  resistance  may  be  supposed  to  be  divided 
into  two  parts  by  a  line  passing  from  Q  to  a  point  in 
S'ECT',  which  is  at  the  same  potential  as  Q.  Let  Q'  be 
such  an  imaginary  point  Call  the  resistance  SQ'  =  a  and 
QT  =  p.     The  resistance  on  the  left  of  QQ'  is  therefore 


(3) 


But  by  the  principle  of  Wheatstone's  bridge 


184  PRACTICAL  PHYSICS.  [ch. 

But  a  +  /?  =  C  and  p^  +  P3  =  r^,  hence 

1  =  ^2  (A) 

a     Cp3 ^*^ 

therefore  the  resistance  to  the  left  of  QQ'  (as  far  as  S')  is, 
substituting  the  value  of  (4)  in  (3),  and  putting  C  in  terms 
of  c  by  the  aid  of  (1) 

a+—^ — =a+M    ....     (5) 
Pa    Cps 

In  like  manner  the  resistance  to  the  right  of  QQ'  is 

^  +  f (6) 

So  far  we  have  been  considering  the  resistance  of  the  inner 
joint  circuit,  and  have  taken  no  account  of  the  primary 
circuit.     Now  let  us  suppose  that 

The  Potential  at  S'  is  assumed  for  convenience  to  be  zero, 

T'  „  Vi. 


then,  from  the  principles  regulating  the  fall  of  potential, 
we  have 

a  +  M. 
^i-yia  +  c  +  x' 
also  V  =  V '??. 

Hence  by  subtraction 

y^_V3=Vi— ^^^ ^_V!j_Ji/  .       .     (7) 

**       *       *  a  +  c  +  x 

Now  let  the  position  of  the  galvanometer  electrodes  be 
varied  until  Vg  -  Vg  =  0,  that  is,  until  there  is  no  deflec- 
tion, then  from  (7)  we  obtain 

x=a^riZPll  +  c(m-l)  ...     (8) 


I 
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This  last  expreBsion  will  be  Bimpliiied  by  arranging  the 
values  BO  that  the  second  term  vaniahea.  We  shall  then 
have 


Pi 


W 


which  ie  equivalent  to  saying  that  the  required  ratio 
between  the  two  reaiatances  la  equal  to  that  into  which 
the  primary  conductor  is  divided. 

To  ensure  the  disappearance  of  the  second  term  of  (8) 
we  must  have  either 

-^=0 (10) 


or  both  of  these  conditions  combined. 
Now  the  expression  (11) 


I    secondary  conductor  must    be  divided  1 
I  aa  the  primary,  for  we  have 


the  condition  that  the 


Pi 


Pi  +  Pi      Pi    Pi 


(12) 


b 


In  order,  then,  that  we  may  employ  the  simplified  formula 
(9)  in  the  usual  arrangement  of  the  experiment,  where 
e  is  not  =  0,  it  is  necessary  that  the  two  auxiliary  con- 
ductors should  be  divided  in  the  same  ratio,  and  it  then 
follows  from  (9)  that  this  ratio  is  likewise  that  between 
the  resistances  under  comparison. 

Practice  of  the  Method. — The  requisit*  connections  are 
shown  in  Fig.  100.  The  auxiliary  conductors  are  seen  at 
fj  and  Ty  their  points  of  bisection  being  connected  with 
the  galvanometer,  which  ia  provided  with  the  shunt  S. 
The  battery,  being  a  cell  of  low  resistance,  must  be  con- 
nected with  the  commutator  K^.  The  distance  between 
T  and  T'  must  be  adjusted  until  no  deflection  is  produced 
in  tbe  unshunted  galvanometer.  The  same  precautions 
must  be  taken  in  this  method  as  in  the  previous  ones, 
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namely — (1.)  The  battery  circuit  must  remain  complete 
only  so  long  as  is  necessary  for  observing  a  deflection  of 
the  galvanometer.  (2.)  Precautions  must  be  taken  to 
eliminate   the   effects   of  thermo- currents,  and  to  avoid 


KjL 


Fig.  100. — Connections  for  Method  op  Auxiliary  Conductors. 

false  readings  due  to  self-induction.  (3.)  The  galvan- 
ometer must  be  sufficiently  distant  from  the  rest  of  the 
testing  apparatus  not  to  be  sensibly  influenced  by  the 
latter. 

Example, — The  ratio  of  the  arms  of  r^  and  r^  was 
measured,  the  connecting  wires  being  included  in  the 
measurement.     It  was  found  that 

Pa     17456  ' 

p^    1*1515 

Now  since  C,  and  therefore  c,  is  very  low,  the  condition  ^=^ 

Pa    P4 
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is  sufficiently  nearly  fulfilled   to   enable   us   to   assume, 
according  to  equation  (9),  that 

-  =  •9886. 

X 

The  diameter  of  SS'  was  found  on  an  average  to  be 
*104  inch,  and  its  fixed  length  was  100  mm.;  the  average 
diameter  of  TT'  was  '048  inch,  while  its  length  was  varied 
until  a  balance  was  obtained — this  occurred  when  TT'  = 
23  mm.  Hence  calling  K^  the  specific  resistance  of  SS' 
and  Kg  that  of  TT',  we  have 

Resistance  of  SS^^(-104)g^i  ^  K, 

Resistance  of  TT'        23  K^* 

(-048)2^2 

hence 

K,^:9885^^.0g7 
K2     -9266 


Lesson  XXXn. — Projection  of  Bqui-Potentiala 

69.  Exercise. — To  compare  the  resistance  of  two  copper 
wires. 

Apparatus, — ^A  German  silver  wire  about  a  m^tre  long, 
mounted  on  a  board  and  provided  with  a  millimetre  scale 
(a  Wheatstone's  bridge  will  answer),  a  Grove's  cell,  a  low 
resistance  galvanometer,  shunt  keys,  two  knife-edge  con- 
nectors. The  wires  to  be  tested  must  be  soldered  together, 
stretched  straight  on  a  board,  and  provided  with  binding 
screws. 

Theory  of  the  Method, — Suppose  that  AC  (Fig.  101)  repre- 
sents the  two  conductors  connected  together,  and  that  it  is 
wished  to  compare  the  resistance  of  the  portion  SS'  of  the 
one  with  the  portion  TT'  of  the  other.  Let  the  ends  A  and 
C  be  connected  with  a  battery,  which  is  also  in  connection 
with  a  graduated  wire  DE.  Place  one  terminal  of  a 
galvanometer  at  S  and  move  the  other  terminal  along  DE 
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until  a  point  s  is  found  which  is  at  the  Bame  potential  as 
8.  Transfer  the  galrauometer  terminal  from  S  to  S',  T, 
and  T',  and  find  corresponding  equi- potential  poiats  s',  t, 
and  ('.     Our  object  will  be  to  show  that 


This  will  be  best  seen  by  aid  of  the  graphical  method. 
Let  OR  (Fig.  102)  be  the  resistance  from  A  to  C,  and  OR' 


the  resistance  from  D  to  £.  Let  OV  represent  the 
potential  at  A  or  D,  and  suppose,  for  the  sake  of  simpli- 
city, that  the  potential  at  C  or  £  is  zero.     The  rate  of 
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fall  of  potential  in  the  two  branches  AC  and  DE  will 
be  represented  by  the  slope  or  rate  of  fall  of  the  lines 
VR  and  VR'  respectively.  Represent  the  resistances  of 
AS,  AS',  etc.,  by  OS,  OS',  etc.  The  potentials  at  S,  S', 
etc.,  will  be  o-S,  o-'S',  etc.  Now  we  wish  to  find  in  VR' 
the  points  which  have  equal  potentials  with  these.  For 
this  purpose  draw  the  parallels  a-a-^y  o-Vi',  ttj,  tV/  so  as  to 
project  these  potentials  on  VR',  and  where  the  parallels 
meet  VR'  drop  perpendiculars  on  OR',  then  s,  5',  ty  i'  will 
indicate  the  points  in  DE,  of  which  the  potentials  are  equal 
respectively  to  those  of  S,  S',  T,  T'.  Now  by  a  simple  in- 
spection of  the  diagram  we  see  that 


also 


Fall  of  potential  between  S  and  S'_  Resistance  SS' 
Fall  of  potential  between  T  and  T'  ~  Resistance  Tr' 

Fall  of  potential  between  s  and  s*  _  Resistance  ss' ^ 
Fall  of  potential  between  t  and  t'    Resistance  It' 


But  by  constniction  the  fall  of  potential  between  S  and  S' 
is  equal  to  that  between  s  and  s',  and  the  fall  of  potential 
between  T  and  T'  equal  to  that  between  t  and  i'.  Hence 
it  follows  that 

Resistance   SS' _  Resistance  ss' ^ 
Resistance  TT'    Resistance  U' 

Now  if  the  wire  DE  be  well  drawn,  the  ratio  of  the  resist- 
ance of  5s'  to  that  of  ii  will  be  indicated  by  the  readings 
on  the  scale.  Since,  however,  these  conditions  cannot  be 
assumed  where  accurate  work  is  required,  a  calibration  of 
the  wire  will  be  necessary. 

Practice  of  the  Method. — The  student,  who  has  already 
been  instructed  in  the  use  of  the  slide  Wheatstone's 
bridge,  will  understand  the  necessary  manipulations.  He 
may,  however,  be  reminded  of  several  essential  precau- 
tions : — 

(1.)  The  galvanometer  must  be  sufficiently  far  removed 


190  PRACTICAL  PHYSICS.  [ch. 

from  the  rest  of  the  testing  apparatus  to  remain 
unaffected  by  the  currents  in  the  latter. 

(2.)  The  battery  current  must  only  be  completed 
when  absolutely  necessary,  so  as  to  avoid  all  heat- 
ing effects  as  much  as  possible. 

(3.)  The  usual  precautions  must  be  taken  to  avoid 
false  readings  due  to  thermo-currents. 

Example, — 


Position  on 

Position  on 

sading. 

Graduated  Wire. 

Wires  under  test 

(1) 

56-3 

S 

(2) 

133-8 

S' 

(3) 

552 

T 

(4) 

904-7 

T' 

Hence  difference  of  readings  for  S  and  S'  =  77*5.     Do.  for 
T  and  T'  =  352-7,  and  hence 


Resistance  of  SS'  _  77*5  p  __  .91 97  P 
Resistance  of  TT'~  352-7  p'  ~  ? 


P 


where  />,  p'  represent  the  mean  values  of  the  resistance 

of  one  division  of  the  scale  between  the  readings  (1)  and 

(2),  and  of  one  division  between  the  readings  (3)  and  (4). 

The  length  of  SS',  also  of  TT,  was  100  mm.      The 

average  diameter  of  SS'  was  '104  inch,  and  of  TT  '048 

inch.     We  have  therefore,  calling  Kj  and  Kg  the  specific 

resistance  of  the  wires, 

rr    100 
Resistance  of  SS^    ^^{'l^^f    K, 

Resistance  of  TT  "       100   ~  ¥^^^^' 

^•048)* 

hence  we  have 

?J= 1-0314-?. 

kg  p 

A  second  experiment  with  a  different  length  gave 

5i = 1-0370 -^1- 
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The  graduated  wire  had,  however,  been  previously  cali- 
brated, and  it  was  found  that 

p'      93         p\      93 

Making  the  correction  indicated,  we  finally  find  ^  =  1*0015 
from  the  first  and  1*0047  from  the  second  experiment. 

70.  Comparison  of  the  Three  Methods, — We  see  that 
Methods  11.  and  IH  are  null  or  zero  methods,  and 
require  a  low  resistance  galvanometer,  whilst  Method  I.  is 
a  deflection  method  requiring  a  high  resistance  galvan- 
ometer. Method  III.  requires  a  calibrated  wire,  and 
Method  II.  an  adjustable  knife-edge  contact,  unless  we 
substitute  for  the  bisected  coils  two  calibrated  wires,  which 
would  add  much  to  the  complication  of  the  method.  It 
will  thus  be  seen  that  the  choice  of  one  or  other  method 
will  depend  upon  whether  a  zero  or  a  deflection  method  is 
preferred,  and  also  upon  what  apparatus  is  at  the  disposal 
of  the  experimenter. 


Part  V. — Measurement  of  High  Eesistances. 

71.  The  Wheatstone  bridge  not  being  adapted  to 
measure  resistances  greater  than  one  megohm,  it  is 
customary  to  make  use  of  a  direct  deflection  method  when 
the  resistance  exceeds  this  limit.  This  is  especially  appli- 
cable for  finding  the  insvlatwn  resistance  of  wire,  etc.,  that 
is  to  say,  the  resistance  of  the  insulator. 


Lesson  XXXIII. — The  Direct  Deflection  Method. 

72.  Exercise, — To  find  the  resistance  of  some  telegraphic 
insulators. 

Apparatus, — A  number  of  various  specimens  of  insula- 
tors made  of  brown  earthenware,  porcelain,  and  ebonite. 
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A  trough  for  testmg  them  ha^Ting  a  sheet  of  zinc  at  the 
bottom.  A  battery  possessing  an  electromotive  force  of 
about  100  volts.  A  high  resistance  galvanometer  with 
shunts.  A  box  of  coiJa  and  a  niegohm  resistance.  This 
last  may  he  made  after  the  manner  of  Hittorf  by  using 
amylic  alcohol  containing  a  10  per  cent  solution  of  cadmimn 
iodide.'  This  is  contained  in  a  glass  tnbe  provided  with 
two  electrodes  of  cadmium.  Such  an  arrangement  is  found 
to  be  a  good  substitute  for  the  very  expensive  German 
silver  megohm.  Fig.  103  shows  the  resistance  suitably 
mounted. 


I 


H'H'IIHil'liHiHh 


Tlifory  o/  On  Mdkod. — Arrange  in  series  (Fig.  104)  %\ 
battery  B  of  many  cells,  a  delicate  high  resistance  galvan-  f 
ometer  G,  and  the  very  high  resistance  X,  whose  v^ue  we  1 
wish  to  determine.  Let  E  denote  the  electromotive  force  1 
of  the  batt«r}',  and  suppose  that  a  deflection  of  Dj  divisions  ] 
is  obtained,  then 

where  k  is  tliu  constant  which  converts  tlie  readings  of  the  J 
'  See  Appopdii  D. 
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galyanometer  into  units  of  current.     Now  let  us  substitute 
for  X  a  very  high  resistance  E  (Fig.  105),  whose  value  is 


]<^g.  105. 


known.  We  shall  suppose  that  in  order  to  obtain  a  read- 
able deflection  from  the  galyanometer  it  will  be  necessary 
to  use  a  shunt  S.     Hence 


E 


G  +  S  GS 

^■*-GTs+^ 


=kJ).2 


(2) 


Dg  being  the  new  deflection. 

From  (1)  and  (2),  eliminating  E  and  k  by  division,  and 
solving  for  X,  we  obtain 


^=r1^(^+^)+^I"^^+^) 


.    (3) 


Usually  G  +  B  is  small  compared  with  X.     When  this  is 
the  case  we  may  write 


DaC  G+S 


X  =  5?|:i^(R+B)  +  G 


(4) 


In  practice  (3)  may  be  further  simplified  by  making 
^'**®  =  1000  (i.e.  using  the  i^Vrr  shunt).      Now  let  K  = 


s 


1,000,000,  which  is  so  high  that  B  may  be  neglected  in 
comparison  with  it. 

Further,  by  regulating  the    directing   magnet  of •  the 
galvanometer,  and  altering  the  number  of   cells   in   the 

VOL.  II.  o 


battery,  D.,  may  t 
will  become 
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made  =  100.     Hence,  neglecting  G, 


100/ 


0,000,01 


Di 


(5) 


This  last  formula  is  aufBciently  accurate  and  very  conveni- 
ent for  many  practical  purposes. 

Practice  of  the  Method — Treatmenl  of  the  Insidalors. — The 
value  of  this  will  depend  greatly  upon  the  exact  method 
of  preparation  of  the  insulators,  and  on  the  exact  methoi' 
of  applying  the  test.  AVe  shall  chiefly  adopt  the  Imi 
tionsfoT  Texling  Insu/alvrs  followed  in  the  Indian 
service.' 


tho(^^^ 


Fig.  UM.— IHscuTOW 


{!.)  The  insulators  ehould  be  placed  inverted  in  the 
box  lined  with  zinc  (Fig.    106),     The  box  must  contain 

'  Spb  Instnutiona/ai-  Testing  Tckgraphk  li'ia,  "iiy  L.  Soliiveinilcr, 


IT.] 


THE  MEASUREMENT  OF  RESISTANCE. 


195 


water  to  a  depth  of  not  more  than  2  inches.  Water  is 
also  poured  into  the  cups  in  sufficient  quantity  to  reach 
within  an  inch  of  the  rims.  The  insulators  must  be  soaked 
in  water  for  twenty-four  hours  before  testing. 

(2.)  The  test  should  not  be  made  on  a  damp  day.  The 
rims  diould  be  quite  dry.  It  is  advisable  to  hold  a  hot 
iron  oyer  them  before  making  a  test. 

(3.)  One  pole  of  the  battery  being  connected  with  the 
zinc  lining  of  the  boxes,  the  other  pole  is  joined  to  one 
terminal  of  the  galvanometer.     The  other  terminal  of  the 
galvanometer  is  then  to  be  joined  to  one  end  of  an  insul-^ 
ated  wire  (Fig.  107).     Gutta-percha  covered  wire  should 


Fig.  107.— Scheme  of  Method  op  Testing  Insulators. 

be  used  for  this  purpose.  There  should  now  be  no  deflec- 
tion on  the  galvanometer  if  the  wire  ab  is  perfectly  in- 
sulated. To  ensure  this  the  wire  had  better  not  come  in 
contact  with  the  ground  or  wall  of  the  room.  It  should 
be  an  air  line  as  much  as  possible,  and  only  supported,  if 
necessary,  by  ebonite  penholders.  The  insulation  of  ab 
should  be  tested  at  the  commencement  of  each  set  of 
observations. 
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(4).  The   insulation   of  the   leading  wire   being  thnil 
rendered  certain,  touch  with  the  free  end  of  l' ' 
(supported  by  an   ebonite    penholder)  the  stalks  of  the^ 
insulators  which  are  being  tested,  the  galvanometer  being 
shunted  with  the  -j-J^  shunt.      In  cases  where  there  is  no 
reading  the  insulation  has  stood  the  tesL      Such  i 
should  then  be  tried  with  the  ^  shunt ;  then  when 
test  has  been  stood,  with  the  i  ahunt,  and  finally  withot 
any  shunt  whatever. 

(5.)  Those  insulators  showing  a  high  insulation  should 
be  finally  tested  by  connecting  ajl  the  stalks  together  with 
'bare  copper  wire,  the  drfection  being  observed  both  with 
the  positive  and  negative  current.  From  this  the  average 
resistance  of  each  insulator  should  be  ascertained.  Befora  . 
the  final  test  with  reversed  currents  the  insulators  must  be  | 
thoroughly  discharged,  for  the  high  electromotive  fore 
used  is  sufficient  to  electrify  the  insulators. 

Example. — 

E^l.OOO.OOO.     B  =«0,    G  =5000. 
— ^—  =  1 000,  Dj  ^  100,     D,  =  50. 

Then,  by  formula  (3), 

X=g{^{a  +  E}+G}-(G  +  B) 
=  2ri000(l,0OO,00O  +  400)  +  5000]-5100 
=  2,0OO,80i,60O. 

By  formula  (4) 

X  =  ^r^i^(R+B)  +  Gl  =  2,000,810,000. 
By  formula  (5) 


This  value,   2000  megohms,  is  the  minimum  insulatio^ 
resistance  allowed  by  the  Indian  telegraph  service. 
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73.  jiddUional  Exercises. — The  method  of  this  lesson  has 
several  other  interesting  applicatjona,  of  which  examples 
will  now  be  given. 

(1.)  A  number  of  wooden  reels,  each  of  the  same  size, 
were  wound  each  witli  two  separate  layers  of  covered 
copper  wire  of  the  same  thickness,  but  insulated  differently. 
The  iosulation  resistance  between  the  two  layers  was 
measured,  in  order  to  compare  the  value  of  the  different 
protecting  coatings.  A  resistance  =  1'0785  megohm  and 
a  ahunt  were  employed  with  the  following  result : — 


Double  ailk  . 
Double  silk  soaked  \ 

in  paraffin  ) 

Sinele  cotton 
Double  cotton 
Single  cotton  soaked  I 

ill  paraffin  j 

(2.)  The  insulation 
found  to  be — 
Condenser  insolated  with 


Resisbuice  in 
1276 


■esistances  of  two  condensers  were 


ir  soaked  in  paraffin  . 


(3.)  It  was  desired  to  ascertain  the  faulty  places  in  a 
coil  of  gntta-percha  covered  wire,  and  to  determine  the 
insulation  resistance  per  yard.  The  wire  was  placed  coiled 
in  a  zinc  trough  (Fig.  108),  filled  with  water;  one  end  of 
the  wire  a  being  raised  above  the  water,  it  was  dried  and 
covered  with  paraffin  to  the  length  of  3  inches — this  end 
was  connected  with  the  galvanometer.  The  other  end  was 
also  raised  out  of  the  water,  dried,  and  insulated.  Now 
if  there  should  be  any  faults  in  the  covering  of  the  wire 
the  circuit  would  be  complete  on  touching  the  trough  with 
the  end  &  of  the  battery  wire,  in  which  case  the  galvanometer 
(which  ought  to  have  a  shunt)  would  be  strongly  affected. 
If,  however,  the  deflection  be  small  the  insulation  resistance 
of  the  whole  wire  should  be  measured  (6  being  now  con- 
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neeted  with  a  binding  screw  T  fixed  to  the  trough)  by  tb< 
method  of  the  above  lesson.    To  find  the  insuJation  resistanoj 
per  yard  it  is  only  nocessary  to  nmitiplt/  ilie  observed  to 
ante  by  the  number  of  yards.      The  reason  for  this  is  obviooa  1 
if  we  reflect  that  the  leakage  or  current  through  two  yardi  ] 


is  double  that  through  one.  Wlen  the  wire  is  faulty  it  w 
be  necessary  to  wind  the  wire  from  the  coil  on  to  a  reel  I 
the  end  b  being  held  in  a  wet  cloth,  which  is  also  foldec 
round  the  wire  under  test.  As  the  wire  is  drawn  throu^ 
the  cloth  the  galvanometer  is  watched.  When  a  deflectica 
occurs  a  faulty  place  is  passing  through  the  cloth. 


Part  VI. — Resistance  of  Batteries  and  Electrolyti 

74.  The    accurate    measurement    of  the    resistance    ■ 
batteries  and  electrolytes  demands  special  methods  adapte 
to  avoid  the  influence  of  back  electromotive  force  01  ~ 
isatioiL      The   measurement  of  a  battery  or  electrolyrf 
resistance  is  further  complicated  by  variation  in  the  resiflf 
ance  of  the  liquids  brought  about  by  electrolytic  transfaj 
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rence.  This  source  of  disturbance  has  been  called  Trsnra- 
tion  BeBietance. 
It  is  therefore  clear  thut  no  definita  meaning  can  be 
attached  to  the  term  battery  reBiatanoe,  for  since  the 
polariEation  and  transition  resistance  depend  upon  the 
passage  of  the  cmrent,  the  internal  resistance  will  be  some 
I  complicated    function  of  the  current.     The   value  of  the 

battery  resistance  deduced  by  methods  depending  upon 
Ohm's  law  have  therefore  in  many  cases  but  little  value. 
Thus,  suppose  that  with  one  current  we  have 

-        •        .    (1} 

where  p  is  the  polarisation  and  I  the  transition  resistance. 
If  the  external  resistance  is  increased  so  as  to  decrease  the 
current,  the  new  condition  of  affairs  will  be  represented 
thus — 

"-slih '^' 

From  these  two  equations  no  information  can  be  obtained 
regarding  B  unless  something  is  known  about  the  values 
of  p,  p',  t,  t'.  The  ordinary  methods  of  measurement 
assume  that  the  polarisation  and  transition  resistance  are 
constant  during  the  experiment.  Now  the  higher  the  value 
of  the  e^ctemal  resistance  the  lass  is  the  change  of  p  and  t, 
BO  that  by  making  the  external  resistance  Buf&ciently  high 
and  experimenting  rapidly,  snfliciently  consistent  results 
might  be  obtained,  but  the  number  so  obtained  would  be 
very  different  with  stronger  currents.  It  is,  however,  in 
practice  a  particular  working  resistance  which  is  desired 
rather  than  that  portion  of  it  which  is  independent  of  the 
disturbances  due  to  the  passage  of  the  current. 

The  determination  of  the  resistance  of  electrolytes  pre- 
sents difficulties  very  similar  to  those  experienced  with 
batteries,  for  it  will  be  necessary  to  provide  the  electrolyte 
with  metallic  electrodes  of  negligible  resistance  in  order  to 
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find  the  intervening  liquid  resistance.  At  the  electrodes 
polarisation  will  take  place,  giving  rise  to  the  same  uncer- 
tainty as  in  the  case  of  the  battery. 

To  enable  the  student  better  to  appreciate  the  nature  of 
polarisation,  the  next  lesson  will  be  devoted  to  experiments 
on  the  subject. 

Lesson  XXXIV. — Study  of  Polarieation. 


75,  Appa/ralus. — Avery  dead-beat 


torsion  a  movement  i: 


galvanometer.  The 
best  form  is  that  of  Deprez 
and  D'Aisonval,^  inasmuch  as 
it  is  aperiodic?  A  strong 
horse-shoe  magnet  AA  (Fig. 
109)  is  fixed  vertically  on 
a  base -board  provided  with 
levelling  screws.  Between  the 
poles  of  the  magnet  is  a 
light  rectangle  C,  consisting  of 
many  coils  of  insulated  wire. 
This  coil  is  held  by  two  silver 
wires  HJ  and  DE,  the  upper 
wire  is  attached  at  H  to  the 
end  of  a  screw,  which  may 
be  raised  and  lowered,  while 
the  lower  wire  is  fixed  to 
a  tongue  of  metal  FG,  pro- 
vided with  an  adjustable  screw 
at  G.  These  wires  prevent 
the  coil  from  taking  a  swing- 
ing motion,  and  resist  by  their 
azimuth.     The  ends  of  the  wires  are 


'  See  Complea  Rcndua  94,  p.  1347  (1882). 

^  By  apcnodU  is  meant  linviug  uo  refiireuco  to  time  of  vibration, 
that  ia  to  say,  the  movable  portion  of  ths  iustrument  takes  up  immedi- 
ately without  oscillation  its  new  position.  The  dead-lwat  character  of 
this  iiistrumant  is  due  to  indneeil  currcnta  (see  Chap.  VII.) 
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,  in  connection  with  the  binding  screws  K  and  L.  When  a 
I  current  is  passed  through  the  coil  the  magnetic  moment 
I   produced  is  resistfld  by  the  torsion  of  the  wires,  and  hence 

the  cod  takes  up  a  position  of  equilibrium.  Now,  since 
I  the  coil  is  in  the  strong  magnetic  field  of  the  horse-shoe 

magnet,  which  is  intensified  in  the  region  of  the  coil  by 
.  having  a  cylinder  of  soft  iron  B  placed  inside  the  rectangle 
I  (supported  free  from  the  coU),  it  will  be  brought  to  rest 
I  with  great  rapidity.  A  mirror  J  is  attached  to  the  coil,  by 
I  which  the  readings  may  be  observed  in  the  usual  manner. 


The  electrolytes  and  electrodes  whose  polarisation  is  to 
be  studied  should  be  placed  in  U  tubes  arranged  in  a  stand 
(see  Fig.  110).  The  moat  interesting  cases  will  be  (I.) 
platinum  points  in  dilute  sulphuric  acid ;  (2.)  platinum  fod 
in  dilute  sulphiwic  acid ;  (3.)  copper  in  solution  of  copper 
sulphate;  (4.)  zinc  in  solution  of  zinc  sulphate;  (5.)  amal- 
mated  zinc  in  zinc  sulphate.  It  is  convenient  to  have 
3  U  tubes  fitted  with  corks  having  holes,  through  which 
3  electrodes,  in  the  cases  of  the  zinc  and  copper,  pass. 
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These  electrodes  have  connecting  wkea  soldered  to  them. 
In  the  case  of  the  platinum  the  electrodea  £ 
glass  tubes,  which  are  filled  with  mercury  for  the  purpose 
of  making  the  connection.  It  will  be  necessary  to  havei 
in  addition  a  commutator,  a  two-may  key,  and  severajj 
Saniell's  cells. 

Mdlwil. — We  wiah  to  be  able  first  to  arrange  in  seriesi 
the  battery,  provided  with  a  commutator,  the  galvanometeiiB 
and  TT  tube,  and  then  at  any  moment  to  leave  out  thiy 


battery  circuit.  This  is  readily  accomplished  by  a  Iwo-vxny 
key.  The  requisite  counectionB  are  shown  in  Fig.  111. 
On  the  contact  at  a  being  made,  that  at  6  being  broken, 
we  obtain  the  first  condition  ;  and  when  h  is  made  and  a  ia  _ 
broken  the  battery  is  put  out  of  the  circuit.  The  firs 
will  be  spoken  of  as  the  charge,  the  second  as  the  discharjfi 
position.  When  contact  rs  made  at  c,  both  the  U  tub* 
and  battery  ai-e  thrown  out  of  circuit.  The  student  shouM 
now  make  a  series  of  experiments,  such  as  are  given  b 
with  the  key  in  the  two  positions. 

Example  of  Experimenli  on  Fiiiariiaium, — TLa  Deprejimtl  D'Ai 
galvanometer  wim  flret  tested  and  found  to  bD  only  absolutely  dead-bi 
when  the  reaiataaoe  of  tlie  outsr  cn-ouit  was  below  n  certain  limit. 


IV.] 


THE  MEASUROIENT  OF  RESISTANCE. 


tlignfon  decided  to  alway*  use  it  witli  a  shimt,  in  anler  that  the  combined 
resistuioa  aztcnial  to  the  galvanometer  miglit  be  always  sutBciently  low. 
Two  Banlell'i  eelli  irere  need  as  the  polaruing  battery.  A  high  resistance 
«u  added  to  the  eztenial  circuit,  in  compurison  with  which  tlie  Lattery 
mtstauce  ma  negligible.  Now,  when  the  battery  hi  Rutlitculy  switched 
Into  dnmlt  with  the  polariiing  cell,  there  will  be  a  nuildeu  detlection  ; 
this  de&ectlon  will,  howeTer,  rapidly  dimiulBh,  owing  to  the  pohu-isation  of 
tbe  cell  Retting  in,  uid  will,  when  the  polarisation  ia  a  inaximnm,  reach 
its  minimum  ralue.  If  we  now  reverHe  the  battery,  ho  us  to  send  the 
battery  EUnent  In  the  tame  direction  uh  the  poluisntloQ,  the  first  value 
of  the  new  and  increased  deflection  will  be  a  maiiiiium  one,  which  will 
ultimately  fall,  owing  to  the  depolarisatioii  and  subeequeiit  repolarlBstion 
in  the  oppoaite  direction,  once  more  to  a  minimum.  Finally,  if  the  battery 
*  — it  ont  of  circnit,  the  deflection  will  be  due  to  polariaation  alone.  The 
~~'~ig  nmlts  wen  thna  obtained  :— 


"h^^" 

ZnBOj. 

CnSo". 

1 

a 

i 

M 

1 

II 

1 

1 

■5« 

ATMr  wBlting  till  con. 

Reversed' batliTT  '. 
After  wsitidg  tiU  con. 

B^S ;«».;»: 

Alter  widtlng'  tOl'  eonl 
aunt  .       .        .       . 

,;r 

} 

so" 

«8 

»: 

Time  observations  were  made  of  the  rate  of  increase  of  polarisation  and 
the  rate  of  depolarisation.  Eiperiments  were  also  made  upon  the  influ- 
ence of  varying  streDgtbs  of  current,  and  also  npon  the  efl'ect  of  shaking 
and  wanning  the  U  tube. 

76.  Electrolyte  Resistance — lAst  of  MeHwds. — The  chief 
methodB  that  will  be  given  in  the  following  leesons  are : — 
(1.)  Reduced  Deflection  Method  (Ohm). 
(2.)  Shunt  Method  (Thomson). 
(3.)  HorBford'a  Method. 
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(4.)  MoDce's  Method* 

(5.)  Eohlmosch  and  Kippoldt's  Method. 

Other  methods  will  be  described  in  the  chapter 


Lesson  XXXV. — Electrolyte  Besistance — 
Methods  1,  2,  3. 

77.  Exercise. — To  find  the  resistance  of  a  Daniell's 
by  Olim's  and  Thomson's  methods  ;  and  to  find  the  specific 
resistance  of  a  solution  of  copper  snlphate  by  Horsford's 
method. 

Apparatus. — It  is  very  convenient  to  be  provided  with 
a  dead-beat  mirror  gaivaaomet^r,  vhose  sensibility  can  be 
readily  varied  within  wide  limits  without  the  use  of  shunts. 
Fig.  112  ehows  an  instrument — a  modification  of  a  Wied&j 
mann's  galvanometer — suitable  for  this  purpose.  On  \ 
base-board  two  uprights  are  capable  of  sliding.  Thet 
uprights  support  two  reels,  C  and  C,  each  wound  wit| 
a  number  of  coik  These  reels  form  two  independeiq 
galvanometer  coils,  and  the  same  current  may  be  mode  fa 
pass  through  the  two  reels  in  series  or  in  opposition,  ( 
only  one  reel  may  be  used.  Between  C  and  C'  there  is  ■ 
third  upright,  M,  supporting  (in  addition  to  the  circula 
framework  and  rod  holding  the  directing  magnet)  a 
cell,  containing  a  suspended  magnet  and  mirror  which  mq 
be  levelled  so  as  to  swing  freely  within  the  confined  span' 
of  the  cell  by  the  screws  at  the  base.  The  deflection  of  ti 
mirror  is  observed  by  means  of  the  usual  graduated  scal^^ 
the  light  from  the  lamp  passing  through  the  central  hole  in 
one  of  the  reels.  Usually  one  of  the  reels  may  be  dispensed 
with,  the  two  being  of  service  only  when  the  instrument  is 
used  differentially.    It  will  also  be  necessary  to  havi 

'  fro.  Ro}ial  Socidy.  January  ID,  1871. 
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galvanometer,  and  box  of  coils  in  series  should  be  made. 
(3.)  Slide  the  coil  that  is  in  use  back  until  a  readable 
deflection  d^  is  obtained  on  the  galvanometer  scale,  a  re- 
sistance Ej  being  included  in  the  circuit  (4.)  Increase  the 
resistance  to  Rg*  when  the  deflection  will  be  reduced  to  (^g* 
Let  E  =  electromotive  force  of  the  battery. 

Cj  =  current  when  B,  the  battery  resistance,  G,  the 
galvanometer  resistance,  and  B^  are  in  circuit. 
Co  =  the  current  when  the  circuit  includes  the  resist- 
ance Eg  instead  of  E^. 
Then 

0,  =  ^,^.^,    andC2=.        ^ 


B+G+Ri'  ^    B+G  +  R2 

hence 

Ci.B+G+Rg 
Cj    B  +  G+Ri' 

but  the  deflections  on  the  scale  being  taken-  to  be  propor- 
tional to  the  currents  producing  them,  we  have 


from  which 


Example, — 


^^i-B  +  G+Rg 
c?2    B  +  G+Ri' 


Rj  =  0,     («i=200,     ^2=110,     R2=10 
(G  and  resistance  of  connecting  wires  negligible), 
g_  110x10  _1100_ 

200-110      90 

Thomson/s  Method. — Here  a  deflection  produced  by  an 
arrangement  (in  series)  is  reproduced  by  a  shunt  arrange- 
ment, the  nature  of  which  will  be  understood  from  the 
diagram  (Fig.  114).  A  shunt  S  is  placed  across  the  galvan- 
ometer terminals  when  the  plug  key  K^  is  closed,  while 
in  the  main  circuit,  also  provided  with  a  plug  key,  there  is 
a  resistance  box  E.     In  order  to  make  the  test  (1.)  open 
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Ki  and  close  Eg,  then  slide  the  coil  (of  Fig.  112)  until  a 
large  but  readable  deflection  d^  is  obtained ;  (2.)  close  K^ 
and  observe  the  reduced  deflection  (^2^  (3.)  open  Kj  and 
add  a  resistance  E  to  the  main  circuit  until  the  same  de- 
flection (^2  is  reproduced;  (4.)  calculate  the  battery  resistance 
B  from  the  formula 


B= 


RS 


where  G  is  the  resistance  of  the  galvanometer.     It  will  be 
instructive  to  prove  this  formula  graphically. 


Fig.  114. 


Let  us  represent  the  diff'erence  of  potentials  at  the  termi- 
nals of  the  battery  by  Op  (Fig.  115),  and  the  resistance  of 
the  battery  by  Oa,  the  resistance  R  by  ab,  and  the  resistance 
of  the  galvanometer  by  be.  Then  bb'  will  be  the  difference 
of  potentials  at  the  galvanometer  terminals  which  causes 
the  deflection  c^g.  Now  when  the  galvanometer  is  shunted 
the  only  resistance  external  to  the  battery  will  be  the 
combined  resistance  of  the  galvanometer  and  the  shunt, 
for  at  first  we  shall  assume  E  =  0.  This,  by  the  rule  of 
combined  resistances,  will  be 

OS 

G+S* 
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Make  ad  equal  to  this  resistance,  then  the  fall  of  potential  J 
under  these  new  circumstances  will  be  represented  by  the  J 
line  dp,  and  the  difference  of  potential  causing  the  defleo- 1 
tion  rfj  will  be  aa'.  But  aa'  must  he  equal  to  bb',  for  the  1 
same  current  must  be  produced  by  the  same  difierence  of  J 
potential.     Hence 


an  expression  not  involving  the  galvanometer  deflections  ;v 
hence  the  test  can  he  made  without  consideration,  of  the '  ■ 
kind  of  galvanometer  in  use;   indeed,  a  simple  galvan- 
oscope  would  serve  for  the  purpose.      The  test  is  i  ' 
made  by  placing  the   shunt  across  the  battery  term 
instead  of  across  the  galvanometer  terminals.     This  will  J 
not  change  the  formulie. 

Example. — A  set  of  6  Daniell's  were  tested.    Two  boxes  J 
of  coils  adjustable  to  units  were  used — 


Sorsford's  Method. — Place  in  the  trough  a  solution  c 
copper  sulphate,  and  arrange  in  series  the  trough,  with  i1 
plates  some  distance  apart,  a  constant  cell,  a  resistance^ 
box,  and  the  galvanometer.  Slide  the  coil  of  the  latter'J 
back  untU  a  readable  defection  is  obtained,  which  must  bev 
accurately  observed.  Now  bring  the  movable  plate  offl 
the  trough  nearer  the  other,  so  as  to  incluiie  a  smaller  J 
column  of  liquid  between  the  electrodes.  The  deflectioal 
will  be  increased,  but  by  inserting  resistance  R  from  thdfl 
box:  it  may  be  brought  to  he  the  same  as  before.  When  thial 
is  the  case  the  inserted  resistance  R  will  be  equal  to  tbeV 
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^H  resistance  of  the  column  of  liquid  included  between  tbe 
^V*  firat  and  second  positions  of  the  movable  electrode,  hence, 
^^  knowing  the  dimension  of  the  trough,  it  will  be  quite  easy 
to  calculate  the  specific  resistance  of  the  electrolyte.  Here 
the  current  being  the  same  iii  the  two  measurements, 
Horsford  assumes  that  the  polaiisation  remains  unchanged, 
but  it  must  be  remembered  that  the  passage  of  the  current 
may  alter  the  state  of  the  Uquid  in  the  neighbourhood  of 
the  electrodes,  and  thus  possibly  produce  a  difference  in 
the  polarisation  and  transition  resistance.  On  this  account 
the  experiment  should  be  expeditiously  made.  The  method 
ia  interesting  as  being  the  best  of  the  early  attempts  to 
measure  accurately  the  resistance  of  an  electrolyte. 

Example. — One  Grove  cell  was  placed  in  series  with  the 
galvanometer  coil  of  resistance  "35,  and  the  cell  contain- 
ing the  copper  sulphate  with  the  plates  13 '5  cm.  apart. 
When  the  coil  was  slid  about  9  cm.  from  the  suspended 
needle  the  deflection  was  200  divisions.  One  plate  was 
now  moved  to  the  position  marked  5-1  cm.  On  adjusting 
the  resistance,  which  could  be  readily  done  within  '1  ohm, 
I  it  was  found  that  15  ohms  were  required  to  give  the  same 
I  deflection  as  before.  The  depth  of  liquid  in  the  cell  was 
cm.,  and  breadth  of  cell  was  5'4  cm.,  hence — 


The  copper  sulphate  had  a  specific  gravity  of  ri2. 
The  result  obtained  here  was  compared  with  that  of  Ewing 
and  Macgregor  (Jenldn,  3d  edition,  p.  259),  and  found  to 
^ree  approximately  with  their  result 
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78.  Enxrcm.- 
Apparatus — A 
VOL.  n. 


-To  find  the  resistance  of  a  sand  battery, 
mirror  galvanometer,  box  of  coils,  etc. 
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Theory  of  the  Mclhod. — In  the  Wheatatona  diagram  (Fig. 
116),  if  the  battery  be  placed 
in  the  X  arm  bo  as  always 
to  send  a  current  through  the 
galvanometer,  tlien,  by  the 
priocijile  of  the  bridge  which 
we  have  already  explained, 
when  Q  =  ^p  the  opening  or 
closing  of  the  key  can  have 
no  influence  on  tJie  current  in 
the  galvanometer,  inasmuch  as 
the  two  points  A  and  D  are 
at  the  same  potentiaL  This 
is  the  principle  of  Mance's 
"pig,  jid,  method,  in  which  adjustments 

are  made  of  P,  Q,  and  R  until 
the  current  in  the  galvanometer  remains  the  same,  whetl 
the  key  is  open  or  closed  (see  Appendix). 

Practice  of  ike  Method. — Owing  to  the  current  that 
always  passing  through  the  galvanometer  branch  it  will  bfi' 
necessary  to  adopt  some  means  of  balancing  this  current. 
This  is  usually  done  by  means  of  a  directing  magnet,  but 
a  better  method  in  many  cases  is  to  use  in  addition  to  the 
magnet  a  differential  galvanometer,  through  one  of  whose 
coils  a  compensating  current  may  be  sent  from  an  independ- 
ent battery,  such  as  was  used  in  the  precisely  similar  case 
of  p.  142. 

Fig.  117  exhibits  the  necessary  connections  with  a  Post 
Office  box  of  coils.  Here  the  screws  D  and  A'  should  be 
joined  by  a  ehort  piece  of  wire.  The  battery  to  he  tested 
is  Bj,  while  the  counteracting  battery  is  B^;  the  latter  may 
be  conveniently  made  by  bending  a  long  glass  tube  into  U 
shape,  and  placing  a  layer  of  sand  at  the  bend  so  as  to 
form  the  porous  partition  of  a  Daniell'a  cell  By  raising 
the  zinc  and  copper  more  or  less  out  of  the  weak  solutions 
of  zinc  sulphate  and  coppec  sulphate  contained  in  the  limbs, 
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I  the  strength  of  the  battery  raay  be  varied  considerably, 
f  The  order  of  the  operations  in  making  the  teat  will  be 
)   seen  from  the  following  examples  : — 

Example  I. — Four  Minotto  cells  were  tested.  The 
arms  P  and  Q  were  each  made  equal  in  resistance  to 
1000  ohms,  while  tiiat  of  B  was  200  ohms;  K3  ivas 
closed. 

Tlie  galvanometer  was  shunted  (shunt  xir(nj)i  tben  the 
key  Kg  was  closed.     A  deflection  to  the  right  quite  off  the 
'  I  was  produced.     In  order  to  balance  this  the  directing 


I 


1 

"H— 1 

- 

1  ■■     '       T 

magnet  was  placed  at  the  bottom  of  its  rod  and  turned 
through  about  45°,  which  was  sufficient  to  bring  the  spot 
of  light  to  the  middle  of  the  scale.  Key  K,  was  now 
pressed  down,  producing  a  deflection  to  the  right.  On 
making  Ii=  100  it  was  found  again  necessary  to  alter  the 
magnet  to  bring  the  light  to  the  middle  of  the  scale.     The 

I  deflection  was  now  to  the  left  on  closing  K„  showing  that 
the  resistance  of  the  battery  was  between  1 00  and  300  ohms. 
Further  tests  showed  that  this  lay  between  120  and  135 
ohms,  but  the  arrangement  was  not  sufficiently  delicate  to 
give  a  closer  result.  K^  was  then  closed,  it  having  been 
previously  ascertained  that  B„  gave  a  current  in  a  direction 
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opposite  to  that  of  Bj,  and  the  resiBtance  of  the  battery 
iocreased  by  raising  the  copper  rod  so  as  to  be  almost 
aufficient  to  balance  the  current  without  the  aid  of  the 
directing  magnet,  which  was  accordingly  placed  higher  in 
order  to  make  the  galvanometer  more  sensitive.  The  spot 
of  light  being  made  central  by  the  help  of  the  magnet, 
it  was  now  found  easy  to  obtain  the  resistance  of  the 
battery  within  a  single  ohm. 

Example  11. — A  single  Daniell'a  cell,  whose  reaistauce 
was  known  to  be  about  3  ohms,  was  introduced.  An  ap- 
proximate balance  was  obtained  with  P  =  1000,  Q  =  10, 
R  =  368,  or  X  =  3-68,  but  it  waa  found  difBcult  to  obtain 
a  true  balance,  owing  to  the  polarisation  of  the  battery. 
This  gave  rise  to  the  following  effect :  On  pressing  down 
the  key  Kj  tbere  waa  first  a  quick  deflection  to  the  right, 
but  this  waa  directly  followed  by  a  slow  movement  to  the 
left  The  former  was  taken  to  be  the  true  deflection  show- 
ing a  want  of  balance,  whOe  the  latter  waa  presumed  to 
be  due  to  the  polarisation  and  transition  resistance  of  the 
battery.  The  true  explanation  of  the  cause  of  this  evidently 
lies  in  the  fact  that  when  the  key  Kj  is  closed  the  resistance 
external  to  the  battery  is  considerably  decreased,  in  con- 
sequence of  which  there  will  be  a  much  greater  current. 
Now  we  have  already  explained  that  the  resistance  of  a 
battery  is  a  function  of  the  current  passing  through.  A 
change  of  the  current  will  therefore  cause  a  change  of 
resistance,  which  may  not,  however,  take  place  immediately. 
By  inserting  a  resistance  in  the  battery  circuit  these  effects 
may  be  diminished. 

The  best  method  of  procedure,  when  the  battery  is 
polarising,  ia  that  indicated  by  Chrystal'-  "Arrange  the 
bridge  until  the  deflection,  owing  to  deviation  from  the 
balance,  ia  oppoaite  to  that  due  to  change  in  the  E.  M.  F.; 
then  by  gradual  adjustment  work  down  the  initial  jerk  to 

'  Enq:.  Bril.,  Art.  "  Electricity,"  p.  BO. 


y  was  ^^H 

Imost  ^^H 
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nothing,  eo  that  the  needle  appears  to  start  off  on  ita  bIow 
awing  without  any  perceptible  struggle.  When  this  state 
of  matters  is  reached  there  is  a  balance." 

Example  III. — On  attempting  to  measure  the  resistance 
of  a  bichromate  cell  by  Malice's  method,  the  variation  due 
to  polarisation  was  so  great  as  to  make  the  measurements 
entirely  without  value.  This  method  is  therefore  not 
suitable  for  the  determination  of  the  resistance  of  batteries 
that  are  not  fairly  constant,  for  the  adjustment  cannot 
be  made  with  sufficient  rapidity. 

Example  IF. — A  copper  sulphate  rheostat  was  taken{Fig. 
118),  consisting  of  a  wide  tube  provided  with  two  copper 
plates,  a  b,  soldered  to  copper  rods,  which  pass  through 
india-rubber  corks  at  the  ends  of  ^^^^ 

the  tube;  the  plates  could  thus  be  1^^^ 

placed  at  .any  distance  apart.  To 
avoid  polarisation  both  plates  were 
coated  with  copper  by  electro- 
deposition  from  the  solution  of 
copper  sulphate  with  which  the 
tube  was  filled,  and  the  copper  , 
rods  were  enclosed  in  glass  tubes. 
The  details  of  the  arrangement 
are  shown  in  the  small  diagram 
of  Fig.  118,  exiiibiting  a  or  i  en-  ' 
laired,  where  to  the  copper  plate 
p  a  shoulder  s  is  soldered,  beiog  of 
the  same  diameter  as  the  glass 
tube  g ;  an  india-rubber  cork  c  con- 
nects the  glass  tube  to  the  shoulder  | 
and  prevents  liijuid  from  reaching  ^^ 
tlie  wire  w.  A.  paper  scale  was  ^ 
fastened  to  the  tube.  The  tube  *' 
was  placed  in  circuit  with  a  constant  cell,  whose  resistance 
had  been  previously  measured.  The  plates  were  set  at 
various  distances  apart  and  the  resistance  measured. 
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79.  Use  of  AUemale  Currenls. — The  problem  of  de- 
terminiDg  the  resistance  of  electrolytes  was  only  at  length 
satisfactorily  solved  by  Koblrauach  and  Nippoldt,  who 
used  the  alternatiog  currents  produced  by  an  elementary 
form  of  dynamo.  Let  us  here  consider  for  a  moment  wh^ 
happens  when  alternating  currents  are  sent  through  a  cell 
containing  acidulated  water  and  provided  with  two  pre- 
cisely similar  platinum  electrodes.  The  current  going 
from  left  to  right  through  the  cell  woulil,  let  us  suppose, 
cause  a  liberation  of  oxygon  at  pole  A  and  a  liberation  of 
hydrogen  at  pole  B,  Immediately  afterwards  it  would  be 
succeeded  by  an  equal  current  passing  from  right  to  left, 
which  would  cause  hydrogen  to  be  liberated  at  A  and 
oxygen  at  B.  The  polarising  tendency  of  the  gas  produced 
in  the  first  case  would  therefore  be  neutralised  by  that 
produced  in  the  second,  if  we  suppose  that  these  gases  con- 
tinue to  exist  side  by  aide.  On  the  other  hand,  if  they 
combine  to  form  water,  all  polarisation  will  be  eliminated. 
This  destruction  of  polarisation  will  be  aided  (I)  by  plati- 
nising the  electrodes,  and  (2)  by  increasing  their  size. 

80.  Tfie  Electro-dynavwmder. — In  experiments  with  al- 
ternate currents  we  cannot  use  an  ordinary  galvanometer, 
for  the  effect  of  the  rapidly  succeeding  currents  will  be 
equal  and  opposite,  and  hence  no  deflection  will  be  pro- 
duced. We  may,  however,  replace  the  magnet  of  the 
galvanometer  by  a  small  coil  suspended  by  two  fine  wires 
which  are  in  connection  with  the  ends  of  the  small  coil. 
The  instrument  now  beconaes  an  electro-dynamometer,  and 
we  shall  suppose  that  the  same  current  circulates  through 
the  galvanometer  and  through  the  small  coil.  Now  it  will 
at  once  be  seen  that  if  we  double  the  intensity  of  the 
current  in  the  galvanometer  we  double  likewise  that  in 
the  small  coil,  so  that  the  action  of  the  one  upon  the  other 
will  be  increased,  not  (it-ice,  but  fourfold, — in  other  words, 
this  action  will  vary  as  the  square   of  the  current      If, 
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therefore,  6  denote  the  angle  of  deflection  of  the  small 
coil,  this  angle  being  supposed  small,  and  C  be  the  current, 
B  shall  have  ^ 

C=Ave. 

where  i  is  a  constant  quantity.  Now  let  the  current  be 
reversed  in  the  galvanometer,  then  it  m,ust  likewise  be 

3r8ed  in  the  suspended  coil.     The  result  will  be  that 

the  de&ectioQ  will  remain  in  the  same  directiou  as  before, 

I  that  if  a  series   of  reversals  follow   each  other  with 

sufficient  rapidity,  the  deflection  will  he  constant.     If  we 

e  an  electro-dynamometer,  and  a  means  of  producing 
alternate  currents,  they  can  be  directly  applied  to  Mance'a 
method. 

Bl.  Use  of  the  Telephone  and  Indudion  Coil. — F.  Kohl- 
rausch  ^  has  made  the  method  of  alternate  currents  easier 
1  application  by  using  the  telephone  and  the  induction 
coil. 

A  telephone  consists  essentially  of  a  magnet,  with  a 
coil  of  insulated  wire  wrapped  round  it.  One  of  its 
poles  is  close  to  a  diaphragm  made  of  soft  iron.  Vibra- 
tions of  the  soft  iron  diaphragm  to  and  from  the  coU 
will  cause  induction  currents  in  that  cod,  and  likewise 
variations  in  a  current  circulating  in  the  coil  will  cause 
vibrations  of  the  diaphragm,  and  these  vibrations,  if 
rapid  enough,  will  constitute  a  sound.  When  alternating 
currents  are  passed  through  the  coil  a  buzzing  sound  is 

I  heard  from  the  telephone.  Novr  when,  by  means  of  a  zero 
arrangement,  there  are  no  alternating  currents,  there  will 
of  course  be  no  sound,  so  that  in  such  arrangements  the 
telephone  may  be  made  a  substitute  for  the  electro-dyna- 
mometer. 
TJie  machines  generally  used  for  the  production  of  alter- 
nating currents  require  some  motive  power  to  cause  the 
armature  to  rotate  at  a  high  speed.  This,  however,  may 
'  F.  KohlraoHoh,  Wied.  Arm.,  11,  p.  653  (1880). 
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be  altogether  avoided  by  the  use  of  the  ordinary  induction 
coil,  which,  by  means  of  ita  automatic  make  and  break 
arrangement,  produces  alternating  currents  of  brief  duration  . 
and  high  electromotive  force  by  the  use  of  a  primary 
battery  of  a  few  cells.  For  an  account  of  the  construction  | 
of  the  induction  coil  ordinary  text-books  may  be  consulted. 
The  practice  of  Kohlrauach's  method  will  form  the  next 
lesson. 


Lesson  XXXYII. — Electrolytic  Resistance  by 
Alternating  CurrentB. 

82.  Exercise. — To  find  the  specific  conductivity  of  a  solu- 
tion of  copper  sulphate  and  also  the  resistance  of  several  I 
cells  by  Kohlrausch's  method. 

Apparatiis. — A  slide  bridge  with  its  associated  apparatus, 
a  U  tube  or  other  receptacle  for  the  copper  sulphate,  an  i 
induction  coil  with  metalHc  contact  breaker  giving  J  inch 
spark,  telephones,  batteries. 

Method. — A  Bunsen's  or  Grove's  battery  of  one  or  two  | 
cells  should  be  charged  in  order  to  work  the  induction  coiL.  J 
The  induction  coil  should  be  in  a  neighbouring  room,  OP  J 
outside  the  window,  at  any  rate  sufficiently  far  away  to  ¥ 
prevent  the  noise  of  the  contact  breaker  being  heard.     It  q 
will  be  necessary  to  insulate  very   completely  the  wi 
coming  from  the  induction  coil  which  carry  the  secondary   ] 
current,  inasmuch  as  this  current,  having  a  very  high  E.  M. 
F.,  will  break  through  cotton  and  silk-covered  wires,  and 
even  gutta-percha  will  be  found  to  insulate  it  insufficiently. 
It  will  be  best,  therefore,  to  make  the  secondary  wires  air 
lines  as  much  as  possible,  supporting  them  where  neces- 
sary by  rods  of  ebonite. 

A  scheme  of  the  connections  is  shown  in  Fig.  119,  where 
I  is  the  induction  coil,  T  the  telephone,  E,  a  box  of  coils, 
and  X  the  unknown  electrolytic  resistance  (shown  in  a  U 
tube  enlarged  at  ita  ends  to  admit  the  copper  electrodes). 


A 
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The  observation  consiBta  in  moving  the  contact-piece 
and  altering  the  resistance  coits  until  either  no  sound  can 
be  lieard  in  the  telephone  or  the  sound  is  reduced  to  a 
minimum.  In  order  to  hit  the  exact  point  some  practice 
-wilX  be  necessary.  It  will  be  of  great  assistance  to  place  a 
second  telephone  in  the  circuit,  and  hold  a  telephone  to 
each  ear.  Should  this  be  done  the  contact-piece  must  b 
slowly  moved  by  a  second  observer,  who  should  note  down 


the  readings  of  the  bridge  when  the  listener  announces  that 
%  point  of  minimum  sound  has  been  reached.  To  prevent 
the  latter  from  being  biassed,  he  should  be  kept  in  ignorance 
of  the  position  of  the  slides.  It  is  necessary  that  the  room 
should  be  free  from  noise  when  making  the  observations. 

Example. — The  U  tube  employed  was  about  2  cm.  diam- 
eter, and  with  limbs  28  cm.  long;  its  ends  were  passed 
through  two  large  india-rubber  corks  which  were  fitted 
into  two  short  cylinders  of  glass  2  inches  in  diameter  and 
3  inches  high.     The  ends  of  the  tube  came  flush  with  the 
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top  of  the  india-rubber.     In  each  cylinder  was  placed 
copper  disc  {cut  with  a  tag  for  connection),  nearly  of 
same  diameter  aa  the  cylinder. 

By  running  distilled  water  into  the  U  tube  from  a 
burette,  the  volume  was  found  to  be  183  cc.  Next  the 
internal  dJEuneter  was  measured  by  callipers,  and  found  to 
be  for  one  limb  10"35  mm.,  other  limb  10 '25  mm.,  hence 
the  mean  radius  is  I'OS  cm^  and  the  section  ia  t  x  (1-03)*. 
These  data  will  enable  us  to  find  the  length  of  the  tube, 
which  could  not  readily  be  found  otherwise.     The  length 


The  electrolyte  was  formed  by  dissolving  20  grms.  i 
CuSO^  (not   pure)  in   200   cc.   of   distilled   water, 
density  at  15°  C  was  1-0627. 

WitliR  =  800,  balance  foimil  at  9B-7,  hence  X  =  B04 -81. 

„     R=eoo,         „        ,,        *2-7,     ,,     X=eOB-06. 

Mean  value  of  X  =  804-93. 

We  have  therefore — 

Specific  rosistance  =  Whole  resiEtance  x  j—rr  —  iS'SS  ohma  per 

With  practice  It  was  found  that  an  alteration  of  jaVo-  c 
length  of  filider  made  a  difference  in  the   sound  of  thJ 
telephone.     Better  results  were  obtained  by  using  two  10-B 
ohm  coils  at  the  end  of  the  bridge  to  make  the  arms  n 
nearly  equal. 

83.  Besulla  of  Kohlrausch's  Experiments. — These  eij 
ments  were  made  with  a  convenient  rheostat'  consisting'1 
of  an  ebonite  cylinder  on  which  a  screw  had  been  cut. 
Within  the  trace  of  the  screw  was  a  wire  of  German  silver. 
On  turning  the  rheostat  a  movable  contact  will  cause  the 
wire  to  be  divided  in  any  desired  ratio.  The  liquids  to  be 
experimented  on  were  contained  in  email  vessels  with 
'  SimilBT  to  Wbeatstone'i  seoond  rorm,  see  p.  ITS. 
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platinised  platinum  electrodeB.  A,  B,  C,  Fig.  120,  aliow 
the  chief  Muds  of  those  vessels.  A  and  B  are  adapted  for 
liquids  of  good  conductivity,  and  C  for  liquids  of  very  bad 
conductivity.       In    using    these    vessels    their    resistance 


capacity  must  first  he  ascertained  by  filling  them  with  a 
solution  of  zinc  sulphate  of  known  specific  reaiatance.  The 
specific  resistance  of  this  zinc  sulphate  was  ascertained  by 
the  use  of  a  straight  graduated  tube  of  known  cross-section. 
The  following  table  gives  the  electric  conductivity 
(reciprocal  of  the  resistance)  iu  a  few  useful  cases  taken 
from  Kohlrausch's  experiments  : — 

Table  H. 
Specific  Cosbti(tivities  op  Electrolytes. 


II 

SodlnraCUlQrlJf. 

ZU.e  Biflptota. 

CJopperBulphoto. 

SolphnrI 

ABia. 

b 

T« 

k 

Kj 

P 

s' 

" 

8- 

S^ 

r 

a 

10345 

m 

1-0609 

179 

1-0613 

177 

1-0331 

19S2 

in 

1-0707 

1132 

1-1069 

SOI 

1-1073 

300 

1-0673 

3SSG 

15 

1-1087 

1535 

11875 

3SS 

1-1676 

395 

11038 

5084 

20 

1-1*77 

1830 

1-2323 

m 

1-1*14 

6108 

sc 

1'1898 

IBSe 

l-30i6 

*50 

1-1807 

6710 
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Hero  the  scale  is  such  that  the  conductivity  of  mercury! 
is  reckoned  equal  to  10^  units. 

Knowing  that  the  specific  resistance  of  mercury  in  I 
C.  G.  S.  units  is  96146,  the  conductivities  given  ahove  J 
may  be  converted  into  specific  resistances,  as  under  i- 

Specilic  resistance  of  10         oaufl  ,  in« 

por    cent    Bolutiou   of  =   ""'*",''         =  SMSxlO". 

copper  alllphata 

84.  Addiiiontd  Ezermes. — (1.)  Determine  the  conduo-1 
tivity  of  an  electrolyte  at  different  temperatures.  Plot  a  I 
curve  exhibiting  the  results.  Determine  the  coefGcienta  a.] 
and  /3  in  the  formula — 


*,  =  *=(!  + 


+m. 


where  ki  is  the  conductivity  at  t",  and  kg  that  at  0°, 

(2.)  Determine  the  conductivity  of  different  percentages  1 
of  a.  salt  dissolved  in  water,  and  plot  a  ctirve  exhibiting 
the  results. 

(3.)  All  Kohlrauscli's  results  are  expressed  in  the  form 
given  in  the  above  table.  It  would  be  useful  to  compile 
complete  tables  of  the  resistance  of  electrolytes  in  C.  G.  S. 
units.  The  following  references  taken  from  Wiedemann 
{ElektricitiU,  Erster  Band,  1882)  will  be  useful  for  this  par- 
poae  : —  J 

F.  Kohlrausch  and  Nippoldt,  Pogg.  Ann.,  138,  p.  3791 
(1869) ;  Grotrian  for  H^SO,  and  HCl,  Pogg.  Ann,  151,  p.  J 
378  (1874);   F.  KohJrausch  and  Grotrian,  HNOg,  Po^.  ■ 
Ann.,  154,  p.  1,  216  (1876);  P.  Kohhuusch,  HCl,  HBr,  HI, 
HjSO,,  HgPO,,  CjHjO,,  0^,0^  C^afip  Pogg-  Ann,,  159, 
p.  233  (1876) ;  F.  Kohlrauach,  hydrates  and  salts  of  alkali 
metals,  CuSO^,  ZnSO^,  and  AgNO^,  Wied.  Ann.,  6,  p.  Ul 
(1879);   F.   Kohlrausch,   temperature   coefficients,  Wiec' 
Ann.,  11,  p.  653  (1880). 

85.   Comipensalion    Methods.  —  Methods,  in   which   > 
battery  is  balanced  agaiost  another,  can  be  applied  witli 
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advantage  to  inconstant  cells,  inasmuch  as  it  is  only  neces- 
sary to  close  the  circuit  momentarily,  as  in  that  of  Beetz. 


Lesson  XXXVIII. — The  Method  of  Beetz. 

86.  Exercise, — To  find  the  resistance  of  a  Leclanch6  cell. 

Ajpparatus, — ^A  slide-mtoe  bridge;  two  boxes  of  coils, 
each  with  1,  2,  2  and  5  ohms;  a  double  contact  key; 
low  resistance  galvanometer ;  a  Darnell's  cell. 

Theory  of  the  Method. — Suppose  the  cell  (electromotive 
force  =  E)  whose  resistance  x  is  required  has  its  poles 
connected  with  P  and  S,  the  -  pole  going  to  P  (Fig.  121),  so 


Fig.  121. — Method  of  Bbetz. 

as  to  include  in  circuit  a  portion  of  the  resistance  between 
A  and  B.  Also  let  there  be  a  second  cell  of  electromotive 
force  =  e  (less  than  E),  with  a  galvanometer  G  in  its  circuit, 
and  let  this  cell  have  its  -  pole  at  P  and  its  +  pole  at  Q. 
The  cells  will  thus  be  in  opposition.  Suppose,  in  the  first 
place,  that  this  is  an  open  circuit,  the  extremities  of  which, 
P  and  Q,  are  gradually  brought  up  to  AB.  Now,  in  virtue 
of  the  electric  separation  at «,  all  the  points  of  the  left-hand 
wire  of  this  open  circuit  P'P  will  have  a  certain  fixed 
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potential,  and  all  the  points  of  the  right-hand  wire  Q'Q  will 
have  another  fixed  potential  diflferent  from  the  former  by 
the  amount  e.  Now  let  us  imagine  that  things  are  so 
arranged  that  when  this  open  circuit  is  brought  up  to  AB 
it  will  touch  it  at  points  which,  owing  to  the  upper  current, 
have  exactly  the  same  potential  as  the  wires  PT  and  Q'Q. 
It  is  clear  that  under  these  circumstances  no  change 
will  take  place  in  the  electric  condition  of  PT,  Q'Q,  and 
of  the  whole  under  circuit;  in  other  words,  no  current 
will  pass,  and  the  circuit  may  still  be  regarded  as  an 
open  one. 

Thus  virtually  the  current  of  the  upper  circuit  is  not 
affected  by  bringing  up  to  it  this  under  circuit. 

Under  this  condition  of  things  the  galvanometer  of  the 
under  circuit  will  remain  undeflected,  there  being  no 
current  in  this  circuit.  Now  let  the  resistance  of  PS  =  a, 
PQ  =  6;  also  let  the  current  in  the  upper  circuit  be  C. 
Hence,  neglecting  the  resistance  of  the  conducting  wires. 


also 

From  (1)  and  (2) 


E 
C=-— (1) 

x  +  a  ^  ' 

C=| (2) 

E    a;+a 


e 


(3) 


If  a  fresh  pair  of  values  a'  V  be  found,  which  likewise 
leave  the  galvanometer  undeflected,  then 

E    a;+a' 


hence  from  (3)  and  (4) 


(4) 


_db'  -a'h  ... 

X T     _    T  ^  .....  ^Oj 


thus  giving  the  resistance  in  terms  of  known  quantities. 

Practice  of  the  Method. — In  the  working  diagram  (Fig. 
122)  MN  is  the  slide-m^tre  bridge  with  the  resistance  boxes 
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E  and  R'  at  its  ends.  The  connections  are  made  through 
the  double  key,  arranged  so  as  to  prevent  the  circuit  of  e 
being  closed  when  that  of  E  is  open,  which  would  cause 
a  deflection  of  the  galvanometer  due  to  the  former  battery- 
only.  When  a  is  pressed  against  h  the  current  of  E  is 
closed,  and  by  still  further  pressing  the  key  h  is  brought 
into  contact  with  c,  and  the  circuit  of  e  is  closed. 

Should  there  now  be  a  deflection,  the  key  should  be 
raised,  the  sliding  contact  must  be  moved,  and  a  fresh  ex- 
periment made.    If  no  balance  can  be  obtained  it  is  because 


Fig.  122.— Method  of  Beetz. 

we  are  neglecting  the  conditions  demanded  by  equations  (3) 
and  (4).  The  resistance  boxes  at  the  ends  are  provided 
in  order  that  it  may  be  possible  to  fulfil  these  conditions. 

Example. — A  trial  of  the  method  was  made  by  balancing 
two  Groves  against  one  Grove.  A  rheostat  of  '56  ohm 
was  used. 


I.  R=  1    R'  =  0    Rheostat  Reading: 
II.  R=-5    R'=0 
III.  R=-2    R'=0 


>> 


>» 


)» 


)i 


•1076  a  =1-56  h  =1-1076. 
•3367  a'=1^06  h' =  -837. 
•4876    a"=   -76    h"=     -688. 
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From  I.  and  II.  a;=  -691. 
„  I.  and  III.  a;=  '650. 
„  II.  and  III.  a;=  -625. 

Assuming  that  E  =  2  and  e  =  l,  we  find — 

From  L  x=  'Q65, 
„    II.  x='6U, 


a 


III.  x=  -616. 


It  was  noticed  that  the  battery  was  changing  its  resist- 
ance during  the  test.  A  dead  beat  galvanometer  should 
have  been  used,  in  order  that  the  test  might  have  been 
made  rapidly. 


CHAPTEE  V. 

THE  TANGENT  GALVANOMETER. 

87.  We  shall  prove  in  the  chapter  on  electro -magnetism 
that  the  action  of  a  current  in  a  circular  coil  on  a  very- 
small  magnetic  needle  placed  at  its  centre  is  expressed 
by  the  formula 

C=^tana (1) 

where  C  =  strength  of  the  current. 

H  =  horizontal  intensity  of  the  earth's  magnetism. 
a  =  radius  of  coil. 
n  =  number  of  windings. 
a  =  angle  of  deflection. 
7r=  3-1416. 

The  quantity  ^  we  shall  call  F,  or  the  true  constant 
of  the  instrument.     Hence  (1)  becomes  * 

C=Hrtana (2) 

Now,  for  a  particular  locality,  H  is  sensibly  constant, 
hence  it  will  be  convenient  to  use  one  symbol  for  HF. 
Let  us  call  it  K,  which  may  be  known  as  the  working 
constant.     We  may  then  for  most  purposes  simply  write 

C  =  Ktana (3) 

In   the  lessons  which  inmiediately  follow  it  will   be 

VOL.  IL  Q 
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showD  how  the  tangenl  galv:anonieter  may  be  emptojred  {^ 
measnring 

(a)  The  interna]  resistance  of  batteries. 

(h)  The  resistance  of  wires. 

(e)  The  electromotive  force  of  batteries. 


Lesson  XXXIX.— The  Tangent  Galvanometer- 
Battery  Resistance. 

88.  Exercise. — To  measure  the  internal    resistuice  of 
several  cells. 

Agpari^us. — A  tangent  galvanometer.  Fig.  1 23  shows  a 
pattern  of  the  instnunent  which  is 
well  suited  for  most  pnrposea.  It 
consists  of  a  wooden  hoop  A  with 
Saages.  Inside  the  hoop  and  fixed 
centrically  at  right  angles  to  it  is 
a  compass  box  B  with  a  glass  Ud. 
The  hoop  is  supported  by  the  base 
C,  on  which  are  the  binding  screva. 
On  the  t«p  of  the  hoop  is  a  direct- 
ing magnet  D,siipport«d  by  a  gradn- 
ated  standard,  np  and  down  which 
it  may  slide.  (1.)  The  hoop  is  wound 
with  several  coils  of  about  the  fol- 
lowing reustanccs,  '3,  1,  4,  10,  25, 
50,  aod  1500  ohms.  These  seven 
coils  are  connected  with  binding 
screws  after  the  manner  exhibited 
in  Fig.  124,  in  which  the  seven 
coils  are  represented  by  the  loops 
A  to  G  inclusive.  The  ends  of  A 
are  brought  to  the  bimling  screws  1  and  2,  the  ends  of 
B  to  the  binding  screws  2  and  3,  and  so  on.  This  arrange- 
ment will  allow  of  the  use  of  any  number  of  the  coils  in 
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eeries ;  thus,  if  screws  4  and  7  "be  used,  the  coils  D,  E,  and 
F,  with  a  total  resistance  of  85  ohms,  will  be  in  circuit. 
For  the  purpose  of  meiiBuring  strong  curronts  an  additional 
coil  H,  consisting  of  a  single  turn  of  copper  ribbon,  is  pro- 
vided, having  its  ends  connected  with  two  terminals  9  and 
10  of  larger  size  and  separate  from  the  others.  (3,)  Tka 
compass  box  is  of  wood.  Into  the  centre  of  its  bottom  is 
screwed  the  pivot,  consisting  of  a  hard  well-polished  steel 
needle  fixed  vertically  in  a  "brass  support.  Covering 
the  greater  portion  of  the  bottom   of  the  box  are  two 


a  scale  of  cardboard  or  metal,  divided  into  degrees,  but 
having  two  sectors  tlirough  which  the  mirror  glass  is 
exposed.  The  method  of  graduating  the  circle  will  be 
perceived  from  Fig.  135.  Here  on  one  side  of  the  circle  is 
a  linear  scale  stretching  from  about  70°  on  one  side  to  70° 
on  the  other.  This  serves  the  purpose  of  a  tangent  scale, 
the  readings  of  that  part  of  the  needle  pointer  which  crosses 
this  scale  being  proportional  to  the  tangent  of  the  angles 
of  deflection  from  the  zero.  The  shaded  portion  is  the 
mirror  glass.      (3.)  The  needle  NS  (Fig.  126)  is  of  hardened 
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steel,  30  mm.  long,  5  mm.  broad,  and  1  mm.  thick.  At  its 
centre  is  a  jewelled  cap.  At  right  angles  to  the  needle 
there  is  a  pointer  |7p'  of  fine  brass  wire,  having  its  extremities 
filed  to  knife-edges.  On  the  pointer  are  two  vanes  a  and 
a'  of  aluminium  foil  for  the  purpose  of  helping  to  bring 
the  needle  to  rest  Additional  details  relating  to  the  con- 
struction of  the  instrument  will  be  found  in  Appendix  D. 


iV 
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Fig.  126. — ^Needle  op 
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The  other  apparatus  required  will  be  a  box  of  cofls,  a 
commutator,  the  cells  to  be  tested,  and  connecting  wires. 

Theory  of  the  Method. — ^Let  the  battery  to  be  tested,  along 
with  its  commutator,  the  galvanometer,  and  the  box  of 
resistance  coils,  be  placed  in  series  (see  Fig.  127). 
Let  E  =  Electromotive  force  of  the  battery, 
B  =  Resistance  of  battery, 

G  =  Besistance   of  galvanometer  and    connecting 
wires, 
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Let  E  =  Eesistance  of  the  coils, 
a  =  Angle  of  deflection, 
then,  from  Ohm's  law,  the  current  C  passing  through  the 
galvanometer  will  be 

^=b4tr (^) 

But 

C=Ktana (2) 

by  the  theory  of  the  tangent  galvanometer.     Hence 

g^Aj:^=Ktana       ....     (3) 

Let  now  E  be  changed  to  Ej,  causing  a  to  be  changed 
to  a^,  then 

BtI+R,=^*^"^^     ....     (4) 

Hence,  dividing  (3)  by  (4),  we  obtain 


(5) 


B  +  G+Ri_  tan  a 
B-t-G+R  ~^tan  tti 

Hence 

T»    R  tan  a  -  Ri  tan  a,     ^  ,^. 

r>= — 7 7 ^  .         .         .         •     (o; 

tan  aj  -  tan  a 

a  general  formula  for  the  battery  resistance. 

The  expression  (6)  may  be  simplified  in  approximate 
measurements  by  making  E  =  0,  a^  =  45°,  then 

B=,    ^'    ,-G        ....    (7) 
tan  a  - 1 

or,  still  better,  by  making  tan  a^  =  J  tan  a,  and  then 

B=Ri-(2R  +  G)         ....    (8) 

When  this  last  formula  is  used  the  method  is  called  the 
half-deflection  method. 

Practice  of  the  Method — (1.)  The  best  values  of  a  and  a^. — 
Having  completed  the  connection  as  figured  above,  and 
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placed  t!ie  galvanometer  in  the  magnetic  meridian  with  the 
pointer  at  0°,  the  first  consideration  wUl  neceasaiily  be 
which  is  the  best  coil  of  the  galvanometer  to  use,  and  vrhat 
is  the  best  value  of  deflection  to  obtain.     On  consulting  i 
a  table  of  tangents  it  will   be  found  that  the  effect  of  I 
making  an  error  in  the  reading  will  be  greater  at  the  ( 
extremities  of  the  scale  thiin  at  the  middle,  thus 


Difference  -0181        Differance  'OSSE        Difference  0'e43 
-9 '8  per  cent  =3-5  percent.  =10*7  per  ■ 

of  the  whole  mean  affect. 

We  see  from  these  examples  that  both  small  and  large  I 
deflections  must  be  avoided. 

If  we  consult  our  tables  more  minutely  we  shall  i 
that  the  effect  of  making  an  error  is  actually  smallest  at 
45°,  a  result  which  is  likewise  in  accordance  with  theory. 

In  testing  the  resistance  of  a  battery  by  the  method  of 
this  lesson  we  shall  require  to  observe  two  deflections.  It 
follows  as  a  corollary  to  the  result  just  given  that  these  . 
ought  to  be  at  equal  distances  on  either  side  of  45°,  the  I 
best  part  of  the  scale  being  between  30°  and  60°.  Henoe  1 
the  first  deflection  should  not  he  greater  than  60°.  Now  ] 
the  less  external  resistance  we  place  in  the  circuit  the  j 
greater  will  be  the  efiect  of  the  battery  resistance  on 
whole  current,  hence  if  a  coil  of  the  galvanometer  can  be-J 
found  which  with  R  =  0  gives  a  not  greater  than  G0°,  tha^X 
will  he  the  best  coil  to  take,  provided  that  the  batterjM 
continues  constant. 

(2.)  Adjiistment  of  Coil  and  Nendle. — A  suitable  coil 
having  been  found,  the  student  should  proceed  to  test  the 
galvanometer.  Let  him  first  take  the  deflection  as  given 
by  both  ends  of  the  needle,  In  taking  the  reading  the 
eye  must  be  placed  so  that  the  pointer  covers  its  image  ia  ^ 
the   mirror;   in   this  way  error  due   to  parallax  may  b6' 1 
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avoided.  In  the  next  place  let  him  reverse  the  current, 
when  the  readings  should  ha  nearly  the  same.  If  this 
should  not  be  the  case  the  error  may  be  due  to  three 
causes— 

(1.)  The  coil  may  not  be  in  the  magnetic  meridian. 

(2.)  The  zero  point  of  the  scale  may  be  wrongly  placed. 

(3.)  The  pointer  may  not  be  straight,  and  not  at  right 
angles  to  the  needle. 

To  remedy  this,  take  the  needle  off  its  pivot,  and  having 
previously  ruled  two  lines  on  cardboard  at  right  angles  to 
one  another,  test  by  their  means  the  atraightness  of  the 
pointer,  and  its  position  with  regard  to  the  magnet. 
Straighten  and  bend  the  pointer  if  necessary.  On  re- 
placing the  needle  after  allowing  it  to  come  to  rest,  one 
may  judge  by  the  eye  whether  the  plane  of  the  coil  is 
approximately  at  right  angles  to  the  pointer.  We  may 
now  proceed  to  make  a  more  accurate  adjustment  of  the 
plane  of  the  coil.  Suppose,  for  instance,  that  the  pointer 
now  stands  at  +  6°,  and  that  the  reading  is  +  65°  when 
deflected  by  a  current  in  one  direction,  and  —52°  when 
deflected  by  the  same  current  in  the  opposite  direction, 
that  is  to  say,  the  actual  deflections  are  +  60°  and  —  57°. 
If  now  the  plane  of  the  coil  be  turned  through  about 
—'^V  =  i^s^  the  real  deflections  on  either  side  of  the  point 
of  rest  should  be  equal.  Test  whether  this  is  the  case,  and 
make  another  adjustment  if  necessary.  Now  turn  tlie 
scale  until  the  pointer  stands  at  zero,  when  the  adjustment 
should  be  complete.  Any  error  made  in  this  adjustment 
may  be  eliminated  by  taking  double  readings  with  the 
commutator,  so  that  there  is  no  absolute  necessity  that  this 
adjustment  should  be  made  at  all.  It  is,  however,  con- 
venient in  rapid  measurements  to  assume  that  when  the 
pointer  stands  at  zero,  the  galvanometer  coil  lies  in  the 
magnetic  meridian. 

(3.)  Care  of  the  Pivot  nnil  Cup. — -The  student  should  be 
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very  careful  of  the  pivot  and  cap,  for  should  the  point 
the  former  become  blunted  or  the  inside  of   the  latl 
covered  with  dust,  the  friction  resulting  from  t 
will  be  fatal   to  accuracy.     Some  simple  arrangement 
provided  with  the  best  galvanometers  in  order  to  lift 
needle  from  its  pivot  when  not  in  use,  or  when  the  instra- 
ment  has  to  be  removed.     This  greatly  assists  the  preser- 
vation of  the  pivot  and  cap.     The  state  of  the  pivot  and 
cap  should  be  tested  by  displacing  the  needle  from  its 
position  of  rest,  and  ascertaining  whether  it  returns  to  the. 
same  position.     It  should  do  so  to  within  ■!  or  '2  of 
degree. 

(4.)  TIk  Magjwtimn  of  the  Needle. — Although, 
proved  in  the  chapter  on  magnetism,  the  amount  of  deflec-' 
tion  of  the  needle  is  quite  independent  of  its  magnetic 
moment,  yet  the  power  of  overcoming  friction  will  depend 
upon  the  strength  of  the  magnet  Hence  we  should  have  a 
magnet  as  strong  as  possible,  since  in  this  instrument  frictioui 
cannot  be  entirely  avoided.  There  are  many  causes  teni'" 
to  weaken  the  magnet,  sucii  as  the  influence  of  strong 
currents,  changes  of  temperature,  etc.  It  is  therefore  im- 
portant to  ascertain  from  time  to  time  the  magnetic  state 
of  tlie  needle.  This  may  be  simply  done  by  ascertaining 
its  time  of  vibration,  which  should  not  be  allowed  to 
become  greatly  different  from  what  it  was  when  the 
magnet  was  freshly  magnetised. 

The  method  of  working  with  the  galvanometer  will  be 
seen  from  the  following  examples  : — 

(I.)  To  find  the  resistance  of  two  Grove's  cells  in  se: 
Copper  strap  used.  Six  yauls  of  connecting  wire  = 
ohm.  The  connecting  wires  were  carefully  twisted 
gether  so  that  they  had  no  direct  effect  upon  the  galvan: 
ometer.  This  was  tested  ty  moving  the  wires  and  asi 
taining  that  this  did  not  produce  any  movement  of 
needle. 

The  following  results  were  obtained  ; — 


;hB.^I 
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Ezpt    Resistance.     Oommntator  np.  Gommatator  d(}wn.  Mean. 

Bast  end    West  end     East  end       West  end 
of  needle,    of  needle,     of  needle.       of  needle. 

I.  0  63-8  54  56  56  64*95 

II.  1  30  30  31-2  31-1  30-57 

II.  2  20  20  21  21  20-6 

Here  we  have  to  make  use  of  the  formula 

■p_R  tana- Ri  tan g^    ^ 

~      tan  a^  -  tan  a  * 

also  G+ connecting  wires  =  '07. 

Now  from  the  tables  we  find 

tan  54° -96 =1-4256 
tan  30° -61=  -6906 
tan  20° -60=   -3739. 

Hence,  from  Experiments  I.  and  II., 
T5       lx-5906         ^^     ^,   , 

^=1-4255  - -5906 -'Q^  =  '^^"^"^' 

From  Experiments  I.  and  III., 

^        2  X -3739         ^^     ^,   , 
°=l-4255--3739-"°^  =  -^^°'"^- 

while  from  Experiments  II.  and  III., 

^    2  X -3739  - -5890      ^^      ^^    , 
^=     -5890 --3739     -'07  = '66  ohm, 

which  gives  a  mean  result  of  '65,  or  the  average  resistance 
per  cell  is  nearly  ^  ohm. 

(II.)  The  resistance  of  twelve  Daniell's  cells,  of  the 
type  known  as  the  Chamber  Daniell^  used  in  the  English 
Postal  Telegraph  Department,  was  next  tested.  The 
battery  had  been  standing  for  some  days,  so  that  copper 

^  See  Preece's  Telegraphy ^  p.  21. 


I. 

Ei=0 

Gi^-e 

II. 

R2=125 

55'' -62 

III. 

R3=250 

46'' -72 

IV. 

B4=375 

39° -12 

V. 

Rb=575 

30''-12 

VI. 

Re =975 

20" -65 
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had  become  deposited  on  the  zinc.  The  following  read- 
ings were  taken : — 

Bxpt.    Resistance.   aJf^Sigs     Tangent  of  Angle.  Remarks. 

tanaj=2*1060  \  The  battery  was  vari- 
tan  ag = 1  '4605  J  able  as  to  its  current, 
tan  03=1 -0612  ^ 

uTal=  IJ^Ucurrent  Steady. 
tanae=    '3759  J 
Resistance  of  galvanometer  and  wires  =9*6  ohms. 

It  was  thought  that  correct  values  of  the  resistance 
could  best  be  obtained  from  III.  and  V.,  III.  and  VI.,  and 
IV.  and  VI. 

From  III.  and  V.  we  have 

B=^^^°«"^^^^"«-9'6=131-9. 
tan  ag  -  tan  03 

In  like  maimer  from  III.  and  VI., 

B=137-9. 
From  IV.  and  VI., 

B=133-9. 

The  resistance  of  the  battery  was  therefore  about  134  ohms, 
or  about  eleven  ohms  per  cell. 

The  values  of  B  obtained  from  expressions  involving 
I.  and  II.  gave  widely  different  results.  This  example 
shows  the  importance  in  certain  cases  of  making  the  ex- 
ternal resistance  high,  in  order  that  the  constancy  of  the 
battery  may  be  ensured. 

(III.)  The  same  battery,  after  being  in  use  for  several 
days  in  short-circuit,  was  again  tested  by  the  half-deflection 
method.  The  needle  of  the  galvanometer  was  accurately 
set  to  zero,  when  it  was  ascertained  that  the  galvanometer 
was  in  good  adjustment,  giving  equal  deflections  on  both 
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sides  of  the  scale,  so  that  single  readings  would  be  sufficient. 
The  following  results  were  obtained : — 


Hence 
or 


Reading  on  Tangent  Scale.         Resistance.  Remark. 

162  40     \  Current  quite 

76  260     J      constant,  G=10. 

B=Ri-(2R+G)=260-(80  +  10)=170; 

170 


12 


=  14  ohms  for  each  cell  very  nearly. 


(IV.)  Four  DanielFs  cells  of  the  Minotto  type  with  wet 

sand  gave,  without  external  resistance  (G  =  10),  a  =  42*. 

Hence 

tan  a=tan  42°=  -9004. 

Now,  from  the  tables,  J  tan  a  =  '4502  =  tan  a^,  or  a^ 
=  24°  15'. 

Eesistance  was  then  put  into  the  circuit  until  a  deflec- 
tion of  24**  15'  was  obtained;  this  required  500  ohms. 

Hence 

B= 600- 10=490  ohms,  or  123  ohms  per  cell. 

89.  Use  of  Tangent  Galvanometer  for  determining  Wire 
Resistance, — ^The  method  of  determining  resistance  by  the 
Wheatstone's  bridge  being  a  zero  method,  and  therefore 
independent  of  the  variations  of  the  battery,  leaves  nothing 
further  to  be  desired.  It  is,  however,  well  that  the  student 
should  know  how  to  use  the  tangent  galvanometer  for  the 
purpose  of  approximately  measuring  wire  resistance,  for  it 
may  happen  that  it  is  the  only  instrument  available. 

Lesson  XL. — Wire  Resistance  by  Tangent 

Galvanometer. 

90.  Exercise, — ^To  determine  by  the  tangent  galvan- 
ometer the  resistance  of  two  coils  of  about  '5  and  1500 
ohms  respectively. 
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Aj[fparattis, — The  same  as  before.  The  battery,  how- 
ever, should  be  capable  of  variation  from  one  to  twenty- 
cells. 

Theory, — We  have,  precisely  after  the  method  of  last 
lesson, 

B  +  G  +  a;_tana  . 

B  +  G  +  R^tanaj         •        •         •         •     U) 

where  aj  is  the  angle  of  deflection  with  the  unknown  re- 
sistance (x)  in  circuit.     From  (1)  we  have 

x=^{B+G  +  '&)HB  +  G)      .        .        .     (2) 

'  Practice  of  the  Method, — In  using  formula  (2)  in  practice 
we  must  remember  that  B  may  vary  while  the  test  is  being 
made,  thus  causing  the  result  to  be  uncertain.  To  avoid 
this  source  of  error  as  much  as  possible  we  must  choose — 

(1.)  As  constant  a  battery  as  possible. 

(2.)  A  battery  of  low  resistance,  for  the  lower  the  re- 
sistance of  the  battery  the  less  is  the  influence  of 
variation  on  the  whole  circuit. 

(3.)  An  external  resistance  sufficiently  high  in  comparison 
with  the  resistance  of  the  battery,  so  as  not  to 
endanger  the  constancy  of  the  latter. 

Assuming  the  constancy  of  B,  the  accuracy  of  the  de- 
termination will  depend  upon  the  correctness  of  the  ratio 

^^^,    Now  we  have  proved  that  errors  have  least  influence 

tanaj  ^ 

when  the  pointer  is  at  45**,  hence  the  best  result  would  be 

obtained  when  a  =  a^  =  45° ;   when  this  is  the  case  (2) 

becomes 

x=R (3) 

which  simple  formula  is  very  convenient. 

Examples. — (A.)  Resistance  of  a  wire  known  to  be  about 
•5  ohm.     Copper  strap  used. 
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External  Resistance.  Mean  Beading. 

Tangent 

I. 

0                       88-8 

•804 

II. 

X                      29-6 

•668 

III. 

1                      24 

•445 

From  I.  and  III.,  by  formula  (6),  p.  229, 

•804  -  '445 

From  IL  and  III.,  by  formula  (2),  p.  236, 

a;=(l-24  +  l);|||-l-24=-52. 

(B.)  Kesistance  of  coil  known  to  be  1830  ohms.  Five 
Grove's  cells  used.     Galvanometer  terminals  1-6. 

B=l-4,  G=71-25, 
with 

R= 1640  ohms,  ai=46°, 
^        »>         »»     a2=43^ 

Hence 

tan  46" 
«=?^^4^ (1640  +  72-65)- 72-65=1829-25  ohms, 
tan  43  ' 

On  adjusting  R  until  a^  =  a^,  so  as  to  make  a;  =  E,  the 
value  obtained  for  x  was  1820  ohms,  the  arrangement  not 
permitting  a  more  delicate  adjustment.  The  error  in  this 
last  case  is  within  '55  per  cent 

91.  Determination  of  E,  M,  F.  by  the  Tangent  Galvanometer. 
— There  are  two  kinds  of  methods  that  can  be  applied  for 
finding  the  E.  M.  F.  of  a  battery  in  terms  of  that  of  a 
standard  element,  namely,  (1.)  methods  involving  a  know- 
ledge of  battery  resistance;  (2.)  methods  in  which  the 
battery  resistance  is  eliminated.  Under  the  first  head  we 
have 

(a)  The  Method  of  Unequal  Resistances  and  Deflections. 

(b)  The  Method  of  Equal  Resistances. 

(c)  The  Method  of  Equal  Deflections. 

Under  the  second  head  we  have 
{d)  Wheatstone's  Method  {PhU,  Trans,,  1843,  p.  313). 
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(e)  Method  of  Sum  and  Difference  (often  in  England 
called  Wiedemann's  Method). 

As  these  various  methods  should  be  known  to  the 
student  they  will  be  made  the  subject  of  the  next 
lesson. 


Lesson  XLI. — B.  M.  P.  by  the  Tangent 

Galvanometer. 

92.  Exercise, — To  discuss  the  various  methods  for  com- 
paring E.  M.  F. 

Apparatus. — ^As  in  the  previous  lesson. 

Theory, — (a)  Method  of  Unequal  Resistances  and  Befleo- 
tions, — Call  the  E.  M.  F.  of  the  two  batteries  E^  and  Eg, 
and  let  their  internal  resistances  be  B^  and  Bg,  while  E^ 
and  Eg  are  the  external  resistances  in  the  two  circuits.  Let 
G  be  the  resistance  of  the  galvanometer,  and  let  the  result- 
ing deflections  be  a^  and  a^  Then  with  the  one  battery 
we  have 

Ktana,=g-A_     .         .        .        .     (i) 


while  with  the  other 


Ktana.  =  e^^g^g^    .        .        .        .     (2) 
Hence  dividing  (1)  by  (2)  we  have 

Ei_(Bi  +  G4-Ri)tanai 

E2~(Bo  +  G  +  R2)tana2     •         •         •         •     l^; 

an  equation  which  gives  us  the  relation  between  the  two 
values  of  E.  M.  F. 

(b)  Method  of  Equal  Resistances. — If  in  (3)  we  arrange 
the  resistances  so  that  B^  +  G  +  Ej  =  Bg  +  G  +  Eg,  then  we 
have 

Ei^tanai 

Eg    tanoa ^^ 
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(c)  Method  of  Equal  Deflections, — If  E^  and  Eg  be  ad- 
justed until  ttj  =  ttg,  then 

Ei__Bi+G+Ri  . 

E2     ija  +  G  +  Kg 

(d)  Wheatstone's  Method, — Suppose  that  Cj  represents  the 
total  resistance  in  the  circuit  of  E^,  when  the  deflection  is 


a  J,  or 


Ktanai=— (1) 

ei 


Suppose  this  resistance  to  be  increased  by  the  addition  of 
/Oj,  then 

K  tan  02=-^  ....     (2) 

where  o.^  is  the  new  deflection.  In  like  manner  to  get  the 
same  deflection  (a^)  with  the  battery  for  which  E.  M.  F.  is 
Eg,  we  shall  have 

E 
Ktanai=— (3) 

and 

K  tan  02=-^-  ....     (4) 

From  (1)  and  (3)  we  have 

Ei_ei  . 

E2       62 

and  from  (2)  and  (4) 

^=7^ (6) 

J!i2       f 2  +  P2 

Hence  from  (5)  and  (6),  by  taking  differences  of  numerators 
and  denominators, 

5i=fi (7) 

JCj2      /)2 

that  is  to  say,  the  electromotive  forces  are  as  the  added 
resistances. 
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(«)  Method  of  Sum  and  Differe/ace. — Place  the  batteries 
to  be  compared  in  series,  then 

Ktanai=5^^        .        .        .        .     (1) 

where  €  is  the  total  resistance  in  the  circuit. 

Now  interchange  the  poles  of  one  of  the  batteries  so  as 
to  cause  E^  and  E^  to  oppose  each  other,  and  let  the  result 
be  as  follows ; — 

Ktana2=?i::^        ....     (2) 
c 

The  resistance  in  circuit  being  the  same  as  before.  From 
(1)  and  (2)  we  find 

Ei  +  E2_tanai  , 

E1-E2    tano2 ^  ' 

and  from  (3)  we  obtain 

Ei_tanai  +  tana2  ..v 

E2  ~  tan  ai  —  tan  a2 

or  the  electromotive  forces  are  to  one  another  as  the  sum 
and  diflference  of  the  tangents  of  the  angles  of  deflection 
when  the  cells  are  in  conjunction  and  opposition. 

Examples, — The  practice  of  the  above  methods  will  best 
be  understood  from  the  following  examples : — 

Two  Grove's  cells  were  compared  against  one.  Copper 
strap  used. 

Determination  of  BaUery  Resistance — 

Resistance.  Deflection.  Tangent. 

1  Cell.      I.     R=0                          55-25  1-441 

II.        =   -3                       35-3  -708 

III.        =   -2                       40-75  -861 
I.  and  II.  give  '289, 1,  and  III.  '297,    Mean  value  of  battery  resist- 
ance =  •293. 

^CelU.    R=0                         60-5  1768 

=  -6                      40-5  -854 
Mean  value  of  battery  resistance  =  '56. 

Comparison  of  E.  M,  F. 

Method  (a). — Galvanometer  terminals  1-2. 
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2  CelU.     Ri=27,  Bi=  -56,  G=-17,  ai=40-7,  tan  ai=  -8601. 

1  Cell.      R2=17,  Ba=  -29,  G=  17,  a2=34-4,  tan  03=  '685. 

Ei_27-73x-8601_ 
E.2""17-46x-685  "^  ^*'°- 

Method  (I), — ^Terminals  1-4. 

2  CeUs,    Ri  +  Bi  +  G=140    +  '56 +  15*28  =  155-84,  ai=58. 
1  Cell,      R2  +  B2  +  G=140-3  +  -29  +  15-28  =  155-87,  02=39. 

Log  tan  ai  -  Log  tan  02=10*2042  -  9*9084=  *2958. 

|l=t5^i  =  1.976. 
ili2    tan  02 

Method  (c). — Terminals  1-3. 

2  Cells.     Ri  +  Bi  +  G=66*5+*56-|-l-48=67*54,  oi  =  45. 
1  Cell      R2+B2+G=32    + '29 +  1*48 =33 '77,  02=45. 

5i-67:5i-2-00 
E2"33*77""'^""- 

Method  (rf). — Terminals  1-6. 

\Celh    Ri  +  Bi-l-G        =140  +  *29  +  71*29=211*58,  01=59. 

Ri-|-Bi-{-G-|-pi  =  211-58  +  200  02= 41. 

2  Cells,   Ra  +  Bs-l-G        =  344  + '56 +  71 '29  =  415*85,  oi= 59. 

I  Cell,     R2  +  B2  +  G+/)2=415*85  +  396  02=41. 

5-200"""^  ^^ 
Method  {e), — Terminals  1-4.    Total  resistance  in  circuit,  220  ohms. 

Cells  in  conjunction.      ai  =  60*4,  tan  oi  =  l*76. 
„      opposition.        02= 31*0,  tan  02=   '6. 
El     1*76+ *6     2*36 


Ea    1*76- -6     116 


=  2*03. 


E 
Assuming  the  true  value  of  =i  to  be  2,  we  see  that  in 

E2 

(a)  the  error  is  -    '25  per  cent. 

(h)    ,.         „     -1-2 

(c)  „         „        0*0 

(d)  „         „     -1*0 

(e)  „        „    +1-5         „ 

93.  Stcmdard  Tangent  Galvanometer, — In  the  formula  for 
the  tangent  galvanometer  which  we  have  discussed  the  two 
following  assumptions  have  been  made — (1.)  The  needle 
has  been  assumed  to  be  very  small,  and  (2.)  the  posi- 
tions of  the  several  turns  of  the  coil  have  been  supposed 
to  be  the  same.  It  is  beyond  the  scope  of  this  work  to 
give  proofs  of  the  complicated  formulae  that  result  when 
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departures  from  these  assumptions  are  taken  into  con- 
sideration. For  this  the  student  must  be  referred  to  the 
work  of  Clerk  Maxwell  (vol.  ii.,  new  edition,  chap,  xv.), 
from  which  we  take  the  following  expression  for  a  tangent 
galvanometer,  consisting  of  a  single  coil  with  a  magnet  at 
its  centre. 

Let  a  =  mean  radius  of  coil. 

^  =  depth  of  coiL 

Tf  =  breadth  of  coil. 

n  =  number  of  windings. 

H  =  horizontal  intensity  of  the  earth's  magnetism. 

C  =  strength  of  current. 

a  =  angle  of  deflection. 

21  =  length  of  magnet. 
Then,  as  a  near  approximation, 

when  a  is  very  great  compared  with  ^  and  rj. 
The  correcting  factor 


12  a^    8a2 


1+7^:;2-q;;;2 (2) 


is  of  less  importance  than 

Q73 

l  +  g^(l-5sm2a)       ....     (3) 

and  by  making  the  depth  of  the  coil  bear  to  the  breadth 

the  ratio  of  v  3  to  \/2,  expression  (2)  may  be  made  to 
become  unity. 

The  value  of  (2)  when  a=lO^=lOrj  will  be 

1  +  A't^t  -  I  Tk=  -999584, 

which  differs  from  unity  by  less  than  '05  per  cent 
The  value  of  (3)  will  depend  on  a.     If 

3P 
0=0  the  correoting  factor  is  1  +t-5* 
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If 

1-5  sin^  a=0,  i.e.,  if  a =26°  34',  the  factor  becomes  unity. 

If  9  ^2 

a  =  45  it  becomes  1  -  „  -5* 

0  a^ 

If  P 

a=90  „         1-3 -5« 

For  a  case  in  which  the  diameter  of  the  coil  is  ten 
times  the  length  of  the  needle,  and  a  =  45°,  the  term 
amounts  to 

being  about  1  per  cent  less  than  unity. 

We  may  make  the  correction  much  smaller  by  adopting 
two  equal  coils  after  the  manner  of  Helmholtz  and  Max- 
well. Here  the  coils  must  be  placed  symmetrically  with 
regard  to  the  needle,  at  a  distance  from  the  needle  equal  to 
half  the  radius  of  either  coil.  We  shall  prove  in  Chap. 
VII.  that 


in  the  case  of  a  single  coil  of  n  windings  at  x  distance 
from  the  needle.  In  the  above  double  coil  we  have  «  =  |> 
and  the  current  would  have  a  double  influence,  hence 


V         4/  5V5Ha 


C  =  -— — ; =^^^"'t&na  .         .     (2) 

This  is  the  formula,  disregarding  the  length  of   the 
needle  and  the  depth  and  breadth  of  the  coil.     By  making 

A=      /^  the  corrections  due  to  these  dimensions  nearly 
vanish,  the  complete  formula  being 

n/n      1    ^\    5V5"Ha.  ,., 

T"  60  ^0=^2^**""        ...     (3) 

This  will  be  very  nearly  the  same  as  (2),  when  ^  is  very 
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small  coiiipareil  with  a.     When  f  =  ^  tlio  factor  becomes 

1-A'ih=  ■98984, 
which  is  virtually  the  same  as  unity. 

94.  Methods  of  ascertaining  K — The  conatructioa  of 
standard  galvanometer  and  the  determination  of  its  con- 
stant are  points  of  very  great  importance  ;  for  having  once 
made  the  necessary  measurements  with  a  properly  con- 
structed instrament,  the  constants  of  other  galvanometers 
may  easily  be  determined  by  comparing  them  with  the 
standard.  We  shall  therefore  consider  at  some  length  the 
various  methods  of  obtaining  the  constant  of  a  galvan- 
ometer.    The  following  are  the  chief  methods  available  :— 

(1.)  Direct  calculation  from  the  dimensions  of  the  coil 
and  the  known  value  of  H  in  the  locality  by  making  use 
of  the  above  formuliB, 

(2.)  Determination  of  tlie  current  producing  an  observed 
deflection  by  means  of  its  electro-chemical  effects,  such  as — 

(u)  Deposition  of  metal  by  the  current — (a)  Deposition 
of  copper ;  (/i)  deposition  of  silver. 

(6)  Decomposition  of  water  and  either — (a)  Measuring 
the  volume  of  gas  (volume  voltameter),  or  (/3) 
obtaining  the  loss  of  weight  (weight  voltameter). 

(3.)  Determination  of  the  current  producing  an  observed 
deflection  by  the  measurement  of  its  heating  effect. 

(4.)  Determination  of  the  current  producing  an  observed 
deflection  by  calculation  from  the  known  constants  of  a 
standard  cell  I 

95,  CoTislruclion  of  Standard  TangetU  Galvwiwrneter. — A 
standard  tat^ont  galvanometer  consists  essentially  of  one  or 
more  hoops  of  large  size,  having  a  known  number  of  turns 
of  well  insulated  wire  wound  round  them,  and  provided 
with  a  small  magnetic  needle  freely  movable  about  a  cental 
point,  where  the  magnetic  field  due  to  a  current  in  the  | 
coils  is  as  uniform  aa  jiossible.     A  suitable  arrangement  of  J 
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Bufficient  accuracy  for  measuring  the  deyiatioDs  of  the 
needle  is  likewise  necessary.  In  constructing  a  standard 
instrument  the  first  consideration  must  be  the  making  of  the 
hoop  or  reel.  Thia  may  be  made  BufBciently  well  of  wood 
The  diameter  should  he  at  least  24  inches,  which  ia  too 
large  to  admit  of  the  hoop  being  turned  on  an  ordinary 
lathe ;  hence  the  hoop  is  usually  made  in  sections,  which 
are  put  together  with  the  grain  of  the  wood  in  the  adjacent 
pieces  crossed  in  order  to  avoid  warping.  A  euitable  hoop 
having  been  thus  obtained,  it  should  he  mounted  upon  an 
axis  for  convenience  in  winding,  and  the  insulated  wire 
(which  should  be  ailk-covered)  must  then  be  evenly  and 
regularly  laid  on,  with  no  greater  strain  on  the  wire  than 
is  necessary  to  keep  it  straight.  During  the  winding  the 
number  of  turns  must  be  counted  and  the  wire  well 
examined  for  any  bare  places,  which  should  be  coated  with 
tisane  paper  steeped  in  paraffin.  Ah  the  value  of  the 
instrument  greatly  depends  on  the  accurate  knowledge  of 
the  number  of  turns,  and  a  complete  certainty  of  the 
absence  of  short-circuiting  between  the  several  coils,  the 
importance  of  these  two  matters  cannot  be  over-estimated. 
Since  the  process  of  winding  the  wire  tends  to  alter  its 
resistance,  no  certain  conclusion  can  be  obtained  as  to  the 
perfect  insulation  by  measuring  the  resistance  of  the  wire 
before  and  after  winding;  This,  however,  should  he  done 
in  order  to  discover  whether  any  extensive  short-circuiting 
has  occurred.  The  insulation  is  greatly  improved  by 
giving  to  each  layer  a  coating  of  melted  paraffin,  which 
should  be  laid  on  with  a  bniBb,  and  then  the  upper  surface 
of  the  Eohdified  paraffin  made  smooth  by  means  of  a  wedgo- 
sbaped  piece  of  wood.  This  process  is  likewise  valuable, 
innsmuch  as  it  produces  an  even  surface  on  which  the  next 
layer  may  be  laid.  The  number  of  turns  and  the  thick- 
of  the  wire  used  will  depend  entirely  upon  the  magni- 
tude of  the  currents  to  be  measured.  It  is  well  to  provide 
the  instrument  with  several  coils — one  consisting  of  very 
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mary  turns  of  fine  wire  for  weak  currents,  and  one  consist- 
ing of  a  single  turn  of  copper  strap  for  strong  currents. 

A  standard  instrument  should  be  provided  with  a  sus- 
pended rather  than  with  a  pivoted  needle,  for  the  friction 
of  the  pivot  is  always  an  objectionable  element.  When  an 
ordinary  compass  hox  is  used  the  needle  may  be  simOar  in 
construction  to  that  already  described,  but  suspended  from 
a  suitable  torsion-head.  In  order  to  bring  the  needle 
rapidly  to  rest  it  should  have  a  damper  attached  to  it  that 
may  swing  in  a.  vessel  of  water  or  light  oil.  A  good 
arrangement  is  to  provide  the  needle  with  a  small  mirror, 
so  that  readings  may  be  taken  on  a  suitable  galvanometer 
scale.      Yig.  128  shows   a   standard  galvanometer  with  a 


reflecting  arrangement  centrally  situated  at  It  in  ti  brass 
cell  d,  BO  aa  to  be  almost  dead  beat.  The  cell  is  heW  in 
position  by  being  inserted  in  a  slit  in  the  tube  ( that  fits 
the  liole  It. 
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Lesson  XLII. — Use  of  Standard  Galvanometer — 
Determination  of  E.  M.  F. 

96.  Exercise. — To  find  the  R  M.  F.  in  volts  of  a  Grove's 
cell. 

Apparatus, — An  absolute  galvanometer  with  commuta- 
tor ;  two  Grove's  cells ;  a  box  of  coils. 

Theory, — The  battery,  the  box  of  coils,  and  the  galvan- 
ometer being  connected  in  series,  let  the  total  resistance  in 
the  circuit  be  R,  also  let  E  denote  the  electromotive  force 
of  the  cells,  and  C  the  current  produced,  then,  by  Ohm's  law, 

E 
C=-p  ......    (1) 

Now  let  the  resistance  be  increased  by  r,  then 
From  (1)  and  (2),  eliminating  B,  we  find 

E=^ (3) 

The  values  of  C  and  C^  are  determined  in  C.  G.  S.  measure 
by  the  standard  galvanometer,  for  we  have  respectively 

C=Hrtana (4) 

and 

Ci=Hrtanai  ....     (5) 

where  a  and  a^  are  the  angles  of  deflection  observed.  In- 
serting these  values  in  (3),  there  results 

E=HrrxlO\^^^^^"^  .        ...    (6) 
tan  a  -  tan  a\ 

This  will  give  the  value  of  E  in  C.  G  S.  units,  since  for 
this  purpose  the  value  of  the  resistance  in  ohms  must  be 
multiplied  by  10®.  But  since  also  one  volt=  10^  C.  G.  S. 
units,  the  value  of  E  in  (6)  must  therefore  be  divided  by 
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10^  in  order  to  reduce  its  valae  to  volts.     Hence  finally 
HPr  tan  a  tHii  m     lOSlOHIV  tan  a  tan 


E  (in  volts)  =  - 


10= 


Method. — Make  a  circuit  consisting  of  the  galvanometer   ' 
provided  with  a,   commutator,  the  box  of  coils,  and  the 
battery  arranged  in  series.     Take  seta  of  double  readings 
with  varying  resiatances,  and  calculate  out  the  values  of  E 
from  different  pairs  of  observations. 

£!xample.—The  coil  of  the  standard  galvanometer  used 
consisted  of  a  single  turn  of  tliick  copper  ^  inch  thick. 
The  inner  diameter  of  the  hoop  was  22-5  inches,  and  the 
hoop  itself  was  ^  inch  thick.  Hence  the  radius  of  the 
copper  strap  was  ITS  inches.  Therefore 
^  11-5k2'539 
ir~2!<lx3-141fi' 

I  m  lit  plier  which  converts  inches  into  1 
al  S  H  had  been  previously  deter-  ] 
n  torn  te    and  found  to  be  'IT  C.  G.  8. 


where  2-539 
centimetres.     Th 
mined  by  the  ma 
units,  so  that 


_  li 


11  5x2-539 


=  -797. 


2'(1  X3-U16 

Two  Grove's  cells  provided  with  a  commutator  were 
connected  with  the  copper  strap  by  means  of  ndynarme  j 
leads  ;  that  is  to  say,  leading  wires  so  twisted  together  that 
they  had  no  direct  effect  upon  the  galvanometer  when  they  j 
conveyed  a  current.     A  box  of  resistances  of  the  values  j 
-5,  %  %  and  '1  ohms,  made  of  thick  German  silver  wire,  ( 
was  also  in  circuit.     It  was  found  that  the  current  did  noi  1 
perceptibly  heat  the  coils.      Readings  were  taken  to  a  tenth  ] 
of  a  degree      One  of  the  observations  gave   a  =  34°'5, 
a^  =  23°,  T  =  -4.     Hence  tan  a  =  -6873,  Un  «,  =  -4:245  ;  and  j 
hence  also 

IQ  If  -797  X  -j  >t-6873x-42iS_ 
■6873- -4346  ~ 

or  1-76  per  cell. 
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The  result  was  Jower  than  that  expected,  and  the 
difference  was  found  to  be  due  to  the  fact  tliat  H 
had  a  higher  value  than  'IT,  owing  to  the  jjresence  of 
local  iron.  This  is  the  most  fruitful  Bource  of  inaccuracy 
in  measurements  of  this  kind  "when  made  in  laboratories 
not  specially  constructed  with  a  view  to  avoid  the 
error. 

97.  Medro-Chemieal  Eguivalenls. — When  an  electrolyte 
is  placed  in  a  galvanic  circuit  the  amount  of  chemical 
decomposition  in  unit  time  for  unit  strength  of  current  ia 
a  fixed  quantity.  The  mass  of  substance  liberated  at  the 
electrode  is  called  its  eleotro-chetnical  equivalent.  The 
equivalents  for  certain  important  elements  have  been 
determined  with  great  accuracy  by  Lord  Rayleigb  and 
others.  Thus  the  amount  of  silver  deposited  from  silver 
nitrate  in  one  second  by  one  ampere  of  current  is  OOlllS 
gramme.  By  the  aid  of  this  number  the  electro-chemical 
equivalent  of  any  element  can  be  found  if  we  know  ita 
chemical  equivalent ;  for  if  the  same  current  be  sent  in 
succession  through  different  electrolytes  the  amount  of  the 
elements  deposited  at  the  electrodes  would  be  in  the  riitio 
of  the  chemical  equivalents.     Thus  we  have 


Hence  the  electro-chemical  equivalent  of  H  if 


Again,  since  the  chemical  equivalent  of  copper  in  the 
ciipric  sta,te  ia  t^  -  31  '5,  the  electro -chemical  equivalent  is 


Let  W  denote  the  mass  in  grammes  liberated  ai  c 
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electrode  by  a  current  of  strength  C  in  ^  seconds,  and  let  c 
be  the  electro-chemical  equivalent,  then  we  have 


W=Cc«,  orC= 


W 

€t 


.        (1) 


This  will  enable  us  to  measure  currents  by  ascertaining 
the  mass  in  grammes  liberated  in  a  given  time. 

In  the  case  of  water  it  is  customary  to  determine  the 
total  weight  of  water  decomposed.  Now  an  ampere  in 
one  second — in  other  words,  a  coulomb — will  liberate 
•00001035  gramme  of  hydrogen  and  eight  times  the 
weight  of  oxygen,  or  '00008280  gramme.  Hence  a  cou- 
lomb will  decompose  '00009315  gramme  of  water.  If 
instead  of  weighing  the  water  we  measure  the  volume  of 
one  or  both  the  gases  liberated,  it  will  be  convenient  to 
know  the  relation  between  the  volume  of  these  and  their 
weight.  Now  1  gramme  of  hydrogen  measures  at  0°  C. 
and  760  mm.  pressure  11170  cubic  centimetres.  By  aid 
of  this  number  it  will  be  easy  to  convert  the  weights  into 
volumes.  The  resulting  values  and  others  that  are  also 
useful  are  exhibited  in  the  following  table : — 


Table  I. 

Electro-Chemical  Equivalents. 


• 

Grammes  per 
Coulomb. 

Normal  cubic 

centimetres 

per  Coulomb. 

Hydrogen     . 

Silver 

Copper  (cupric)     . 

Mercury  (mercuric) 

Zinc     . 

Oxygen 

Water  . 

•00001035 

•001118 

•000326 

•001035 

•0003364 

•0000828 

•00009315 

•1156 

•  •  « 
■  •  • 

•0578 
•1734 
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Lesson  XLIII. — Galvanometer  Constant  by  Copper 
Deposition. 

98.  Apparalm.- — The  depositing  cell  of  Lesson  XV., 
with  accompanying  liquids,  etc. ;  a  Daniell's  battery ;  box 
of  coila ;  commutator ;  chemical  balance ;  stop-watch ;  the 
galvanometer  whose  constant  la  required. 

Method. — Adjust  the  number  of  cells  iu  the  battery  and 
the  resistance  until  the  deflection  of  the  galvanometer  is 
not  greater  than  C0°,  the  connections  being  aa  in  Fig,  129, 


where  D  is  the  depositing  cell.  Next  thoroughly  clean 
the  anode  and  the  working  cathode — dry  them  in  a  current 
of  liot  air  and  weigh  them  to  within  half  a.  milligramme. 
Now  fix  them  iu  their  position  in  the  depositing  cell,  the 
circuit  being  still  incomplete.  Set  the  stop-watch  to  an 
exact  hour,  and  then  simultaneously  start  the  current  and 
the  watch.  Eead  the  galvanometer,  rapidly  reverse  the 
commutator  so  as  not  to  lose  time,  and  read  again.  Take 
readings  from  time  to  time  and  adjust  the  resistance  in 
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cnmit  if  the  deflectkm  does  not  keep  constant  The 
deposition  should  be  continned  for  some  time,  at  least  two 
horns,  and  at  the  end  of  the  time  the  current  should  be 
disoontinned,  and  the  clock  stopped.  BemoTe  the  cathode, 
wash  it  well  first  in  common  water  and  then  in  distilled 
water,  dry  it  in  a  corrent  of  hot  air  and  wei^  it.  From 
the  gain  in  wei^it  in  the  obsenred  time  calculate  the  aver- 
age current  that  has  been  circulating.  This  baring  been 
determined,  deduce  the  constant  of  the  galranometer  from 
the  formula 


K= 


tana' 

where  a  is  the  average  deflection. 

FrecauUans. — ^The  battery  chosen  for  this  purpose  should 
be  a  constant  one.  When  the  constant  to  be  determined 
is  snudl,  Darnell's  may  be  employed.  The  Darnell's  battery 
should  be  left  short-drcuited  through  a  resistance  some 
time  before  use,  so  that  it  may  be  in  a  normal  working 
condition. 

K  it  be  necessary  to  have  a  strong  current,  a  Grove's 
or  Bunsen's  battery  should  be  used,  and  it  will  then  be 
necessary  to  employ  plates  in  the  depositing  cell  of  a  large 
size ;  for  when  a  certain  density  of  current  (that  is  to  say, 
number  of  units  of  current  to  unit  area  of  electrode)  is 
exceeded  the  deposit  is  in  the  form  of  a  powder  and  does 
not  adhere.  It  is  ascertained  that  the  loss  of  wei^t  of  the 
anode  cannot  be  used  as  an  accurate  measure  of  the  current, 
owing  to  secondary  corrosive  chemical  action  and  disinteg- 
ration producing  loss  of  weight,  which  would  vitiate  the 
determination  of  real  electrolyte  loss. 

Example. — 

Wei^t  of  cathode  at  oommenoemeiit  10*425  grms. 

„  „        at  end       ....     11*219     „ 


Gain  in  weight  *794 

Mem  deflection  4r.    Tan  AT=\  *0724.     Time  125  minates. 
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IIODCa  weight  of  copper  in  grammes  per  Beeomi  ^g^^^^^- 

Stongth  o!  current  i,.  «.pta  =  ,„  ,  ig^'^M^,  • 

C«.t.ot  ot  g.l™„om.t.,  .  ,-S  VlSOlTOMksTl  W24=  ■'"'' 


"^ 


Lesson  XLIV. — Galvanometer  Constant  by  Silver 
Deposition. 

99.  Apparatus. — A  Poggendorlfs  voltameter.  Fig.  130. 

In  this  form  the  anode  and  cathode  are  horizontal,  the 

,   former  being  placed  above  the  latter.     The  cathode  is  a 


platinum  baain  P(  fitting  within  a  copper  ring,  which  is 
provided  with  a  tenninal  s.  The  platitmm  basin  is  easily 
removable  from  the  ring,  and  yet  fits  sufficiently  firmly  to 
give  good  electric  contact.  The  anode  la  a  square  plate  of 
silver  Xg,  with  ita  four  corners  turned  up.  The  plate  is 
supported  by  platinum  wires  passing  through  small  hoies 
In  the  comer  of  the  plate,  and  secured  to  hooks  that  are  in 
metallic  connection  with  the  tenninal  s'.  The  anode  is 
kept  firm  by  the  help  of  a  glass  rod  r,  having  a  cork  h  at 
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the  top,  which  is  forced  between  the  upper  surface  of 
the  anode  and  the  lower  surface  of  the  supporting  arm. 
The  arm  is  movable  up  and  down  the  ebonite  pillar  ^. 
Silver  nitrate  will  be  required  for  charging  the  voltameter. 
The  other  apparatus  necessary  will  be  the  galvanometer, 
eta,  as  in  the  last  lesson;  also  a  desiccator,  i.e.,  a  glass 
chamber  containing  calcium  chloride,  in  which  the  platinum 
basin  may  be  placed. 

Method, — Tie  only  details  requiring  notice  beyond  those 
given  in  the  previous  lesson  are  those  relating  to  the 
voltameter.  Make  a  solution  containing  from  5  to  30 
per  cent  of  silver  nitrate,  according  to  the  strength  of  the 
current  employed — the  stronger  the  current  the  stronger 
should  be  the  solution.  Lord  Eayleigh  and  Mrs.  H. 
Sidgwick,^  who  have  investigated  the  precautions  necessary 
to  obtain  the  highest  degree  of  accuracy  with  a  silver 
voltameter,  find  the  following  conditions  satisfactory  ; — 

Table  K. 

Working  Conditions  of  Silver  Voltameter. 


Max.  strength 

of  Current 

in  Amperes. 

Percentage  of 

SUver  Nitrate 

in  Solation. 

Length  of  time 

of  Deposit  in 

Minutes. 

Diameter  of 

Platinum  Dish 

in  Inches. 

•26 
1 
2 
5 

4 
15 
30 
30 

•  •  • 

60 
16 
16 

«  •  • 

3 

•  •  • 

92 

To  make  use  of  this  table  some  information  should  be 
obtained  as  to  the  strength  of  the  current  required  by 
means  of  a  tangent  galvanometer  whose  constant  is  approxi- 

^  Phil,  Tram.,  1884,  p.  411,  on  "The  Electro-Chemical  Equivalent 
of  Silver,"  and  on  "The  Absolute  E.  M.  F.  of  Clark's  Cells,"  by  Lord 
Rayleigh  and  Mrs.  H.  Sidgwick. 

^  Formed  by  three  3-inch  bowls  in  multiple  arc. 
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ely  known.  The  platinum  basin  must  be  thoroughly 
cleaned  with  nitric  acid,  well  washed  with  distilled  water, 
and  then  placed  in  a  porcelain  evaporating  basin  and  heated 
by  the  flame  of  a  spirit  lamp.  When  dry  the  hot  basm 
must  be  placed  in  the  desiccator,  and  accurately  weighed 
when  cool. 

The  anode  should  be  a  piece  of  fine  sheet-silver, 
about  ^  inch  thick,  and  should  be  cut  of  such  a  size  as  to 
leave  a  good  apace  between  its  edges  and  the  side  of  the 
bowl  When  suspended  by  the  platinum  wires  in  the 
way  we  have  described,  the  plate  should  be  enclosed  as 

a  bag  by  a  piece  of  the  best  filter  paper,  which  may  be 
secured  in  its  place  by  means  of  an  elastic  band,  see  h  Fig. 

" .  This  bag  of  filter  paper  serves  to  protect  the  cathode 
from  disintegrated  silver,  which  is  invariably  formed  on  the 
anode.  When  the  deposition  is  complete  the  sOver  solution 
should  be  returned  to  the  stock  bottle,  and  the  anode  and 
cathode  well  washed  with  distilled  water.  After  rinsing 
the  dish  a  few  times  with  water  it  should  be  filled  up  with 

I  water  and  left  to  soak  for  an  hour,  and  then  enclosed  within 
a  porcelain  basin  and  heated  by  a  spirit  lamp.  Finally, 
the  dish  should  be  well  washed  and  dried,  enclosed  within 
the  basin  over  the  spirit  lamp  for  an  hoiu',  and  then  weighed. 
The  chemical  student  wiU  perceive  that  the  precautions 
are  exactly  those  adopted  in  quajititative  analysis. 
Le 
an( 
des 
bel 
wit 


XLV. — Galvanometer  Constant  by  Deoom- 
poaition  of  Water  (weight  voltameter). 

100.  Apparatus. — A  weight  voltameter.  This  consists 
essentially  of  two  tubes,  one  containing  acidulated  water 
and  platinum  electrodes,  and  the  other  a  material  for 
desiccating  the  evolved  gaa.  Three  various  arrange- 
ments, which  we  have  foand  satisfactory,  are  figured 
below.  In  A  Fig.  131  the  tnbe  T  is  placed  in  connection 
with  a  calcium  chloride  tube  rt  by  means  of  a  paraffin 
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joint  P,  and  not  india-rubber.^  The  electrodes  t  t  are 
soldered  through  the  glass ;  they  are  protected  from  a 
tendeDcy  to  break  off  at  the  glass  by  means  of  a  piece 
of  india-rubber  tubing,  which  is  slipped  on  at  i.  The 
joint  P  is  avoided  in  the  arrangement  B.  Here  the  two 
tnbes   are   formed   by  contracting  at    the    middle    and 


[OH.      ^^ 


bending  in  U  form  a  piece  of  wide  glass  tubing.  The 
electrodes  pass  through  holes  in  a  cork  soaked  in  paraffin. 
The  oi)en  end  of  /  is  also  closed  by  means  of  a  cork  soaked 
in  paraffin,  having  a  small  tube  passmg  through  it  by  which 
the  permanent  gaa  may  escape.  The  neatest  arrangement 
is  that  shown  in  C,  which  can  be  constructed,  by  any  one 
familiar  with  glass  working,  out  of  two  weighing  tubes  ( and 
T  that  have  wide  ground-glass  perforated  stoppers  j,  and  Sj. 


I 
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The  best  drying  material  is  OBliestos  soaked  In  strong 
sulphuric  acid. 

Mdlwd. — The  apparatus,  being  charged  by  placing  dilute 
sulphuric  acid  ia  T  and  drying  material  in  t,  is  suspended 
from  the  balance  and  weighed,  the  open  end  being  mean- 
while closed  with  a  cork  c  that  has  been  soaked  in  paraffin. 
Hext  the  voltameter  is  placed  in  circuit  and  the  decom- 
position allowed  to  proceed  during  a  known  time.  When 
the  current  is  hi-oken  the  open  end  is  again  stopped, 
the  apparatus  allowed  to  cool,  if  necessary,  and  then  re- 
weighed. 

Example. — Verification   of   the   constant  of    a  current 
measurer  (an  electro-dynamometer)  in  which  the  following 
relation  was  supposed  to  hold : — 
KvV 
where  C  is  the  current,  K  the  constant,  and  «  the  reading. 

Mean  valve  of  a    ...  =807 

]j03a  of  weight  of  voltameter  '5746 

Time =60  miuutes. 

=  1  "7i4  amjiure. 


which  agreed  very  well  with  the  certificate  of  the  maker, 
who  gave  K=-1902. 


Lesson  XLVL^Ubs  of  the  Volums  Voltameter. 

101.  Ajiparalm. — Two  different  tyiws  of  volume  volta- 
meters are  diown  in  Figs.  132  and  133.  In  Fig.  132  the 
two  gases  are  evolved  from  an  ordinaiy  funnel  voltameter  V, 
whose  construction  has  already  been  described  {see  Chap. 
'" ),  and  are  collected  in  a  quarter  or  half-litre  flask  pro- 
vided with  an  etched  millimetre  scale  on  its  neck  (see  Vol 
VOL.  11.  8 
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I.  p.  106).     The  volume  of  the  flask  up  to  the   various 
marks  shonld  be  accurately  ascertained  (see  Vol  L  p.  107). 


To  lead  the  evolved  gus  into  the  Haak  a  small  funnel  /  it 
placed  over  the  electrodes. 
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The  voltameter  is  charged  with  water  aeidulated  with 
I  phosphoric  acid  obtained  by  dissolving  phosphoric  pent- 
1- oxide  in  water,  for  this  acid  has  the  property  of  preventing 
I  liie  formation  of  ozone,^  which  would  interfere  with  the 
I  operation  by  diminishing  the  Volume  of  oxygen. 

In  the  apparatus  of  Fig.  133  the  hydrogen  only  is  uol- 
I  lected.  This  form  has  the  advantage  of  giving  a  greater 
\  length  of  time  for  collecting  a  given  volume  of  gaa,  also 
'  avoiding  the  error  caused  by  the  formation  of  ozone.  Here 
it  is  necessary  to  make  arrangements  to  isolate  the  oxygen. 
Thia  is  done  by  interposing  the  porous  pot  p  between  the 
electrodes  e  and  e'.  The  electrode  c  is  of  platinum  fused 
into  the  glass  tube ;/,  which  contains  mercury  for  the  purpose 
of  making  the  connection  with  the  negative  pole  of  the 
battery.  The  electrode  e'  is  a  hollow  cylinder  of  carbon, 
such  as  is  used  in  some  batteries  of  the  Bunsen  form.  The 
whole  is  enclosed  in  tlie  outer  glass  vessel  V.  Over  the 
mouth  of  the  porous  pot  is  a  small  funnel  for  leading  the 
gas  into  the  burette  d.  SuiTounding  the  burette  is  a 
wider  glass  tube  n,  which  is  filled  with  water  for  keeping 
the  Uberated  gas  at  a  constant  temperature,  as  I'ecorded 
by  the  thermometer  I.  The  burette  is  supported  by  a 
wooden  stand  not  shown  in  the  figure.  To  the  end  of 
the  burette  there  is  attached  an  india-rubber  tube  y  for  the 
purpose  of  raising  the  liquid  in  the  burette  by  suction. 
The  voltameter  is  charged  with  dilute  sulphuric  acid.  The 
best  strength  is  that  which  contains  30  per  cent  of  acid, 
aa  this  gives  the  maximum  degree  of  conductivity  ;  but  it 
will,  as  a  rule,  be  unnecessary  to  use  a  stronger  acid  than 
one  containing  15  per  cent 

Methnd  of  Kedudn^  th^  Ohivn-atimui.—The  problem  is  to 
ascertain  the  volume  of  H,  or  of  H  and  O,  reduced  to 
normal  temperature  and  pressure,  which  is  evolved  in  a 
known  time.     Let  us  suppose  that  at  first  the  measuring 

'   Maaciirt.  — Tliia  ix  specially  true  of  aiiiall  uleutrudea. 
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B  quite  fuU  of  liquid,  and  tha^t  the  amounl  of  gas 
given  off  in  n  seconds  has  the 
apparent  volume  V.  This  volume 
exiats  at  the  pressure  H,  as  given 
by  the  barometer,  less  the  back 
pressure  due  to  the  height  h  of 
liquid  that  still  remains  above  the 
level  of  the  reservoir  (see  Fig. 
134).  The  pressure  due  to  h 
must  be  converted  Into  inches  of 

(mercury,  in  order  that  it  may  be 
expressed  in  the  same  units   as 
^   jg^  the  l>aroroetric  pressure.     If  we 

call  A  the  relative  density  of  the 
liquid,  then  —  wiH  be  the  equivalent  pressure  in  inches  of 
mercury.  The  value  of  A  for  several  strengths  is  exhibited 
in  the  following  table :- — 


Table  L 
Rblativb  Deksitt  or  Dn.i7TB 

aattge  ^S  wtiglil  ot  Salpburic  Acid. 


SciPinrBic  Acid. 


A  further  correction  will  require  to  be  made,  for  1 
tension  of  the  vapour  above  the  dilute  acid  must  b 
ducted.     For  very  dilute  acid  the  tension  may  be 
sidered  to  be  that  due  to  water  alone ;  in  other  cases  thfj 
correct  value  must  be  used  (see  Appendix  E). 

If  the  vapour  tension  be  called  T,  the  corrected  bai 
ometric  pressure  H'  wiU  be  expressed  as  foHows ; — 
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le  true  volume  V  of  the  gas  will  be,  for  the  normal 
temperature  and  pressure  (0°  C.  and  760  mm.), 


V=V' 


760     l  +  'OOSfiBSC 


■where  t  is  the  temperature  in  centigrade  degrees.  The 
true  volume  of  the  gas  being  thus  ascertained  in  cubic 
oentimfetres,  the  current  in  ampferes  will  be,  if  the  hydrogen 
.alone  is  collected, 

c.     "•     , 

nx  -lias' 

while  if  both  gases  are  collected  it  will  be 


where  n  denotes  the  tima  during  which  the  gases  are 
liberated  in  seconds. 

Practice  of  the  Method. — AVhen  the  apparatus  of  Fig.  133 
is  used  it  will  be  necessary  to  ascertain  once  for  all  the 
volume  between  the  top  graduation  mark  on  the  burette 
and  the  space  up  to  the  stopcock.  This  may  be  done  by 
weighing  the  amount  of  mercury  or  water  which  wiU  fill 
the  space  (see  Vol.  L  p.  107). 

The  burette,  being  replaced  in  the  voltameter,  is  then 
filled  with  liquid  by  suction,  and  at  a  known  time  the 
circuit  is  completed.  Decomiwsition  is  allowed  to  proceed 
until  the  burette  is  nearly  filled  with  gas,  when  the  circuit 
is  broken  and  the  time  again  noted.  The  height  of  the 
liquid  in  the  burette  above  the  general  surface  of  the  liquid 
is  obtained  by  means  of  a  glass  millimetre  scale,  or  it  may 
be  read  off  directly  on  the  divisions  of  the  burette,  which 
should  be  compared  with  a  millimetre  scale.  The  bar- 
ometer must  be  read  at  the  end  of  the  experiment,  and 
I  also  the  thermometer  inserted  in  the  water  of  the  outer 
tube. 
The  flask  (Fig.  1 32)  when  about  to  be  used  must  be  filled 
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with  acidulated  water  free  from  air-biibblea.  When  filled 
with  gas  it  may  be  removed  from  the  voltameter  to  a  glasB 
trough  containing  water,  where  water  from  the  tap  may  be 
allowed  to  flow  over  it  so  as  to  bring  the  gas  to  a  constant 
temperature.  The  height  of  the  water  in  the  flask  should 
in  this  case  be  adjusted  to  that  of  the  trough,  in  order  to 
avoid  the  A  correction.  The  gas  being  measured  over 
-water,  the  correction  for  vapour  tension  will  be  that  due 
to  water  only. 

Example. — It  was  wished  to  compare  the  constant  of  a 
standard  galvanometer  obtained  by  calculation  with  that 
obtained  by  the  use  of  the  voltameter. 

Hydi'ogen  alone  was  collected  in  the  voltameter,  which 
was  of  the  burette  form.  Height  of  barometer  =  766-7  mm. 
=  H.  Mean  temperature  =  13''-5  =  (.  The  galvanometer, 
provided  with  a  commutator,  was  placed  in  series  with  the 
voltameter  and  four  Grove's  cells.  Observed  deflection  on 
galvanometer  =  42°-7,  iS'-g,  41°-1.  Mean,  iS-'C.  35'8 
cc  ( =  V)  of  hydrogen  were  collected  in  27  minutes  and  2 
seconds  =  1622  seconds  =  w.  Height  of  liquid  in  burette 
at  end  of  experiment  =  14"2  cm.  =  A.  Liquid  in  voltameter 
had  a  density  of  1  ■!  =  "i,  which  corresponded  with  a  vapour 
density  at  13-5  of  H'o  mm.  =  T. 


Here 


'-  -n-5=m-7 


1622  X '1166 


Tliis  number  agreed  with  that  obtained  by  calculat 
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from  the  dimensions  of  the  coil  and  the  local  value  of  H, 
which  gave  19'23. 

102.  Joules  Law. — The  work  W  done  by  an  electric 
current  in  moving  Q  unita  of  electricity  from  a  point  where 
the  electric  potential  is  V^  to  another  where  it  is  Vj  is 

W  =  Q(V,-V,) (1) 

The  truth  of  this  statement  will  be  at  onco  recoguised  if 
we  reflect  that  ns  a  matter  of  definition  there  is  unit  diETer- 
ence  of  potential  between  two  pointa  when  it  requires  unit 
of  work  to  convey  unit  of  electricity  from  the  one  point  to 
the  other  against  electric  repulsion.  The  amount  of  work 
in  the  above  formula  is  thus  jointly  proportional  to  the 
quantity  of  electricity  and  to  the  difference  of  potential  or 
electric  level.     But  we  have  also 


where  C  is  the  strength  of  the  current  and  t  the  time  during 
which  it  flows  ;  hence,  remembering  that  tor  V^  -  Vj  we 
raay  write  E,  the  electromotive  force  between  the  points, 
e  have 

W=CEj (3) 

But,  by  Ohm's  law,  if  It  be  the  resistance  between  the  two 
points, 

E  =  CR 14) 

Hence  we  have 

W^CRt (5) 

If  the  electrical  energy  be  converted  into  heat  H,  then 

W=JH (6) 

J  denoting  the  mechanical  equivalent  of  heat.     Inserting 
the  value  of  W  in  (5),  we  obtain 


:  last  ci|uation  expresses  Joule's  law,  and  enables  a 
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current  to  be  determined  in  terms  of  the  heat  given  out 
a  circuit  of  resistance  R  during  the  time  I.  The  value 
J  is  4'2  M  10'  ergs  per 


1 


Lesson   XLVII. — Application  of  Joule's  Law. 

103.  EMrcut.—To 
termine  the  constant 
a  galvanometer  by  Joule'i 

Apparatus.  —  A   calori- 
meter,    coneisting     of     a 
wooden  box  B  (Fig.  135), 
containing  a  tin    can,  the 
space  between  it  and  the 
can  being  filled  with  lightly 
packed   saw-duat.     "With- 
in the  can  a  smaller 
C     of     thin     copper     fit 
with  a  lipped  edge,  wMclr 
enables  the  can  C  to  reat 
on   and   to   be   supported 
by    a    thick    felt    waaher 
C    fastened    to    the    top 
of    the   box,       C    is    pro- 
vided  with   a   lid   which 
supports  the  stirrer  S,  con- 
sisting of  a  ring  of   thin 
copper  provided  with  two 
handles,  by  means  of  which 
the  stirrer  may  be  moved 
up  or  down.     A  thick  wi 
E    of    German    silver 
wound  in  a  loose  spiral,  and  has  its   ends  Eoldered 
large  binding  screws.     A  delicate  thermometer  T  passea^l 
through  a  hole  in  the  centre  of  the  lid.     The  thermometer  J 


5)' 

bo 

b» 

htly 

refit  ^^^ 

i 
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should  be  capable  of  being  read  to  at  least  y^  of  a  degree 
centigrade.  Four  cells  of  Grove's  battery,  a  stop-watcb, 
and  a  key. 

Meilml. — Arrange  the  calorimeter  in  circuit  with  the 
battery,  the  galyanometer  whose  constant  is  required, 
and  the  key.  The  calorimeter  can  C  must  be  weighed, 
and  a  weighed  quantity  of  water  placed  within  it  suffi- 
cient to  cover  the  German  silver  wire  when  the  lid  is 
in  position.  It  is  desirable  that  the  water  should  be  as 
much  below  the  temperature  of  the  room  as  at  the  end  of 
the  experiment  it  will  be  above  that  temperature.  This 
should  be  done  in  order  that  the  correction  due  to  cooling 
may  be  small,  for  the  calorimeter  will,  on  the  whole,  under 
these  circumstances,  have  received  during  the  experiment 
as  much  external  heat  as  it  subsequently  loses.  The 
initial  temperature  B^  must  be  accurately  observed,  and  at 
a  given  moment  the  circuit  closed,  the  agitator  being  set 
in  motion  during  the  whole  time  in  which  the  calorimeter 
is  receiving  heat.  The  galvanometer  should  likewise  be 
read  from  time  to  time.  When  the  temperature  of  the 
water  has  sufficiently  risen,  the  circuit  should  be  broken 
and  the  final  temperature  G^  observed. 

Let  W  be  the  weight  of  the  water,  w  that  of  the  stirrer 
and  can,  s  the  specific  heat  of  the  stirrer  and  can,  then  the 
whole  amount  of  heat  received  m 

H=(0,-e,)(ws+W). 

Inserting  this  value  in  equation  (7),  the  current  C 
should  be  calculated,  and  from  it  the  constant  of  the 
galvanometer  determined. 

Examph. — The  method  was  used  to  find  the  constant 
of  an  instrument  adapted  for  measuring  strong  currents. 

Thew 
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The  specific  heat  of  the  can  and  stirrer  was  taken  aa  'I  =  (, 
Weight  of  water  =  3060-5  grmB.  =  W. 
Initial  tamperotttre,  fl,  =  1*°  C. 
Final  ,,  e.j  =  W-Sl  C. 

Hence 

H  =  (14'31  -  li)  (S060-6  +  72 -6)^671 -2. 

I  —  5  minutes  —  300  noconds. 

Loss  of  temperatare  das  to  cooling  found  to  be  negligible. 

Resistanee  of  spira]  =  "27*  ohm=  '274  x  10"  absolnte  nnita=; 

We  have 

Hence  the  current  passing  through  the  circuit,  compris- 
ing four  Grove's  cells,  the  eaiorimeter,  and  the  meaguring 
instrument,  was  7 '04  amperes.  The  mean  reading  of  the 
current  meaaurer  waa  20°,  or  its  constant  is  ] 

-^-~=  '352  Mnpire  per  degree.  H 

Assuming  the  deflection  to  be  simply  proportional  to  the 

current  as  certified  by  the  maker. 

101  Comparison  of  Curislanls  of  Coils. — The  constant  of 
a  standard  coil  having  once  been  accurately  determined 
may  be  used  for  obtaining  the  constant  of  any  other  coil 
when  this  does  not  differ  greatly  from  that  of  the  stand- 
ard. The  method  of  operation  consists  in  placing  the 
two  coils  in  Beriea  with  a  "battery.  The  same  current  thus 
being  passed  through  the  two  coils,  the  constants  will  be 
in  the  ratio  of  the  tangents  of  the  angles  of  deflection. 
For  in  the  one  galvanometer  we  have 

while  in  the  other,  the  constant  of  which  is  k  and  da- 
flection  flj, 


In  tbis  determination  the  instruments  must  be  plac 
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Bufficiently  far  apart  to  prevent  them  from  influencing 
each  other.  If  we  desire  to  obtain  the  true  constants  {i.e. 
0  constants  not  involving  the  horizontal  magnetic  force) 
from  the  working  conatauts,  it  will  be  desirable  to  obtain 
H  or  the  horizontal  force  separately  for  the  situation  of 
each  instrument.  Of  course  this  does  not  imply  that  the 
earth's  horizontal  force  is  appreciably  different  at  these 
two  situations,  but  that  the  disposition  of  local  iron  may 


render  the  value  of  the  horizontal  magnetic  force 
one  situation  sensibly  different  from  that  at  the  other. 
Where  the  standard  coil  is  much  larger  than  the  ' 
ment  under  comparison  it  will  only  he  necessary  to 
the  value  of  U  in  one  place,  for  in  this  case  the  Bmallei 
coil  may  be  placed  inside  and  concentric  with  the  larger 
one,  and,  by  a  divided  current,  the  one  balanced  against 
Uie  other.     The  method  then  becomes  a  zero  one.     Fig. 
13G  showe  the  necessary  arrangement     Here  the  current 


at  the    ^^^H 

!  instru-      ^^^| 
0  know       ^^1 

J 
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from  the  battery  B  is  split  between  the  two  coils,  and  so 
supposed  to  pass  round  them  in  opposite  directious,  and 
the  resistances  E  and  t  are  adjusted  until  there  is 
tion  of  the  centrally  suspended  magnet.     If  C  denote  the 
current  in  the  large  and  c  that  in  the  small  coO,  then 

£^R+G 

C      r-vg' 
G  and  g  being  the  respective  resistances  of  the  two  gal- 
vanometers, but  I 

and  C^Rtanfl,  i 

B  being  the  deflection  which  would  be  produced  if  either 
coil  acted  alone,  hut  whose  value  we  do  not  require  to 
know.     Hence 

r+g 
From  this  expression  the  true  constant,  that  is  to  say, 
the  constant  indepeudeut  of   locality,  or   r,  may  be  ob- 
tained by  dividing  by  the  local  value  of  H.  , 

Lesson  XLVIII. — Galvanometer  Constant  fi-om 
Known  Current. 

105.  Exercise. — To  find  the  value  of  K  for  the  several 
coils  of  a  tangent  galvanometer. 

Apparaius. — ^Bunaen's  or  Grove's  cells ;  a  cell  of  known 
E.  M.  F.  for  use  as  a  standard,  as  a  Latimer  Clark  ceil. 
The  apparatus  of  Lesson  XIX.,  for  comparing  the  E.  M.  F. 
of  the  cells  by  the  method  of  high  resistance  should  be 
accessible  to  the  student  The  other  apparatus  required 
will  he  that  of  the  immediately  preceding  lessons, 

MelSiod. — (1.)  Determine,  by  the  method  of  high  resist-    i 
ance,  the  relative  E.  M.  F.  of  the  Clark  and  Eunsen  (or 
Grove),  and  calculate  the  E.  M  F,  of  the  latter  in  volts  on 
the  assumption  that  the  Clark  =  1'45  volt.     (2.)  Find  the 
resistance  of  the  Bunsen  or  Grove  by  the  half-deflection 


I 
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method  or  ordinary  method  (Leaaon  XXXIX.)     (3.)  Flace  ■ 
the  Eunsen  in  circuit  with  the  coi!  of  the  galvanometer 
whose  constant  is  required  and  a  box  of  resistance  coila. 
Vary  the  latter  until  the  deflection  is  at  or  near  46°.    These 
three  processes  will  give  all  the  needed  data. 


Determiruitim  of  E.  M.  F.  of  the  Buneai. — 

13,000  ohms  and  nr  shunt  of  hi^h  Toaistance  Kflecliiig  gntvau- 
imeter  in  oirauit  with  Clark  =  68  divisions. 

12,000  ohms  and  j^j  shunt  of  high  resistance  reflecting  galvau- 
imeter  in  circuit  with  Bnnaan  =  90  divisions. 

Hence  Bgnaen  =  ■    ■  ■  ■■  ■=f9B  volL 

Delermiiiatum  of  Inleraal  EisUlanK  of  Ihc  Biiiaea — Copper  strap 
BtsiatmM.  DeHoction.  Tangent 


Cmsiani  K  of  Copper  Strap. — 

_      E  -      l-sa       _      . 

'^~[B  +  G  +  K)taQa     ■43x1-122    ^"'^■ 
Conslatd  K,  of  Coil  /.— G=-17.     Withll'S  ohms  gave 


106,  AddUional  Ezerdscs  on  ike  Use  of  Die  Tangent  Galvan- 
ometer.— A  tangent  galvanometer,whoBe  constants  are  known, 
is  of  great  value  in  the  laboratory  for  ascertaining  the 
current  required  for  telegraphic  instruments,  for  ascertain- 
ing rapidly  the  condition  of  a  battery,  and  for  the  gradua- 
tion of  simple  galvanometers.  These  uses  vrill  furnish  the 
student  with  additional  exerciees,  such  as  we  give  below. 

(1.)  Ascertain  the  current  in  amperes  that  will  be  suf- 
ficient to  ring  an  electric  bell. 

(2.)  Find  the  figure  of  merit  of  a  Morse  telegraphic  in- 
Btrument,  i.e.,  the  current  which  will  be  sufficient  to  give 
distinct  and  recognisable  signiUs, 
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Exitmple. — The  instrument,  whicli  was  of  the  type  of 
Siemens  and  Halske,  was  adjusted  according  to  the  direc- 
tiona  in  Preece's  Tde^aphy,  p.  69.  It  was  put  in  circuit 
with  a  Morse  key,  box  of  coIIb,  and  twelve  Daniell's  cells,  and 
tangent  galvanometer  provided  with  commutator.  With 
1700  ohms  out  of  the  bos  the  instrument  would  just  work, 
the  spring  being  adjusted  until  it  was  as  weak  aa  possible, 
and  the  magnet  being  very  near  the  annature.  The  mean 
deflection  a  on  the  tangent  galvanometer  was  13°'3,  the  con- 
stant of  galvanometer  =  "0871.  Hence  C  =  K  tan  a  = 
■0871  X  -236  =  'Oaoe  amp&re  nearly,  or  20 '6  milliamperes. 

(3.)  Ascertain  the  current  that  a  bichromate  cell  will  give 
from  time  to  time  when  working  in  short-circuit 

Example. — A  bichromate  cell  was  placed  ui  circuit  with 
the  copper  strap  of  a  tangent  galvanometer,  the  total  ex- 
ternal resistance  bemg  '15  ohm.  The  following  readings 
were  taken :— 


1 


Time. 

DeBectlod 

Ktiti.- 

"■ 

Ampt™. 

4fi 

8e 

2-Be 

50 

35 '9 

a-85 

S3 

35-1 

hi 

35 

2 '86 

B5 

Si  7 

2-82 

K  =  1-074 

B6 

3i-4 

27S 

B7 

3i 

275 

5S 

33  E 

270 

69 

SS 

2-65 

On  stirring  the  liquid  of  the  cell  the  deflection  rose  to  1 
53'''5  =  5'31  ami^^reB,  but  in  ten  minutes  later  the  deflec- 
tion was  25'7  =  1-96  ampere.  The  bichromate  cell  is  thus  I 
seen  to  be  under  these  conditions  extremely  inconstant.  I 
By  keeping  the  liquid  continually  stirred,  or  by  blowing  I 
air  through  the  cell,  it  became  very  constant. 


I 
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107,  Use  of  a  Ttmgent  Galainmneter  nf  Sitfh  Besislance.— 
A  tangent  galvanometer  wound  with  fine  German  silver  wire 
is  sometimes  called  a  Potential  Galvaiiomder  or  Voltmeler,  on 
account  of  its  use  for  the  compariaon  of  potentials  (i.c.  electro- 
motive forces).  A  galvanometer  of  this  kind  should  have 
at  least  the  resistance  of  5000  ohms,  consisting  of  6-7000 
turns  of  fine  German  silver  wire  wonnd  on  a  hoop  about  60 
diameter.  The  principle  of  the  instrument  has  already 
Lployed  by  the  student  {see  Lesson  XX.),  where  the 
problem  has  been  to  measure  the  difference  of  potential 
at  two  points  in  a  circuit  through  which  a  current  is  flow- 


ing. Thus,  suppose  A,  B  (Fig.  137)  to  be  two  points  in  a 
circuit  through  which  a  current  is  flowing,  and  that  we  wish 
to  find  the  diff'erence  of  potential  E  between  these  points. 
This  may  be  done  by  shunting  an  infinitesimal  amount  of 
the  current  through  a  galvanometer  G,  of  very  high  resiat- 

Iance  compared  with  that  between  A  and  B.      Call 
Keaiatanceof  AB  =  r, 
R&iistance  of  G  =  E, 
CorruDt  flowing  in  ciiciut=C. 
By  Ohm's  law 
whi 
oirc 


when  the  galvanometer  is  out  of  circuit,  but  on  placing  it  in 
circuit  the  combined  resistance  between  A  and  B  is 
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hence  the  difference  of  potential  between  A  and  B  will  I 
somewhat  lower.     Call  it  Ej.     Then 


1  combining  (3)  with  (1) 


But  E^  must  be  nearly  equal  to  E  when,  as  we  have 
supposed,  r  is  small  compared  with  R.  Hence  for  manjg 
purpoBea  we  write 

Ei-E (Sfl 


Whether  this  may  be  assumed  or  not,  if  only  we  can  i 

E,,  we  shall  be  able  to  deduce  E.     To  find  Ej  w 

be  able  to  measure  the  current  Cj  that  this  difference  ( 

potential  causes  through  the  circuit  of  the  galvanometer 

and  here 

Ei=C,K  ,        ,    (B)| 

but  if  the  galvanometer  be  a  tangent  one 


E,=  (Ktana]E 


m 


Hence  to  determine  E,  it  will  be  necessary  to  know  bo^ 
the  constant  K,  the  resistance  E,  and  the  deflection  a.    Tlu 
next  lesson  will  give  examples  of  the  determination  i 
the  constants  and  use  of  a  high  resistance  tangent  galva 
ometer. 

Instead  of  an  ordinary  tangent  galvanometer  we  m 
employ  the  instrument  of  Sir  William  Thomson,  in  whiclj 
the  compass  box  slides  along  a  graduated  platform,  afte 
the  manner  of  Fig.  35.     This  instrument  has  been  so  wellj 
described  elsewhere  ^  that  no  further  description  will  1 
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Lesson  XLIX. — Use  of  Potential  Galvanometer. 

108.  Examples, — (I.)  A  standard  tangent  galvanometer 
whose  constant  was  known  to  be  *0023  was  placed  in  series 
with  a  potential  galvanometer  (Thomson's  pattern)  whose 
resistance  was  6460  ohms,  and  with  48  DanielFs  cells.  The 
deflection  on  the  standard  instrument  was  63^*5,  and 
that  on  the  potential  galvanometer,  when  the  compass  was 
placed  at  position  marked  \  on  the  platform,  was  22. 
Hence  the  current  was  '0023  tan  6 3®' 5  =  '0046  ampere. 
Hence  the  £.  M.  F.  at  the  potential  galvanometer  ter- 
minals was  6460  x  -0046  =  29*7  volts. 

Now  the  Thomson  instrument  is  graduated,  so  that 

Number  of  volts  (V)  =  Strength  of  magnetic  field  (H)  x  deflection  (D) 

Platform  reading  (P) 

Taking  strength  of  magnetic  field  as  '17,  we  find 

Number  of  volts  =  'ilii??=  29*9, 

8 

which  agrees  well  enough  with  the  ascertained  value. 

(n.)  A  Danieirs  cell  whose  E.  M.  F.  was  said  to  be  1  '072 
volt  was  connected  with  a  Thomson's  potential  galvanometer, 
and  the  following  readings  taken,  when  H  was  'IS  : — 

Division  in  Platform  (P).      Deflection  (D).  E.  M.  F.  calculated. 

6-52  38-5  1-063 

4  23-6  1-062 

2  11-8  1-062 

(III.)  The  range  of  a  potential  galvanometer  may  be  in- 
creased by  using  a  strong  magnet  to  strengthen  the  mag- 
netic field  of  the  compass  needle.  The  following  example 
will  show  how  the  number  representing  the  increased 
strength  of  field  (M)  may  be  found. 

VOL.  II.  T 


Hence 


I 

'  or 
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A  constant  battery  of  24  Danieirs  cells  gave  the  fol- 
lowing readings  : — 

TTOA 

Without  magnet  P  =  i,     D  =  30,     or  V = ^. 

8 

With  magnet  P  =  6-52,     D  =  25*9,     orV=i£±^|^. 

H30_(H  +  M)25-9 
i  6-52     ' 

M  =  59-4H, 
taking  H  =  -172  C.  G.  S  unit,  M  =  10-22. 

(IV.)  It  was  desired  to  find  the  E.  M.  F.  at  the  terminals 
of  an  arc  lamp. 

Whilst  the  lamp  was  burning  its  terminals  were  con- 
nected with  a  high  resistance  tangent  galvanometer  whose 
resistance  was  5000  ohms.  The  directing  magnet  was 
lowered  until  the  deflection  was  45°.  A  table  of  constants 
belonging  to  the  galvanometer  showed  that  in  this  position 
K  =  '01,  hence 

V  =  5000  X  -01  X  tan  45°=  50  volts. 

(V.)  An  incandescent  lamp  had  a  diff'erence  of  poten- 
tial equal  to  40  volts  at  its  terminals  as  measured  by  a 
high  resistance  galvanometer.  A  second  tangent  galvan- 
ometer of  low  resistance,  placed  in  the  main  circuit,  showed 
that  a  current  of  1*2  ampere  was  passing.  From  these  data 
the  resistance  of  the  lamp  hot  must  be 

R=^  =  i^=  33-3  ohms. 


CHAPTER  VI. 

DETERMINATION  OF  THE  MAGNETIC  ELEMENTS. 

109.  This  chapter  will  be  devoted  to  a  description  of  the 
instruments  employed  in  the  English  magnetic  observatories, 
and  to  the  method  of  using  these  for  the  purpose  of 
determining  the  three  terrestrial  magnetic  elements, 
namely : — 

(1.)  Dip  or  Inclination,  this  being  the  angle  which  the 
magnetic  axis  of  a  magnet  freely  suspended  in  the 
plane  of  the  magnetic  meridian  makes  with  the 
horizon. 
(2.)  Horizontal  Intensity. 

(3.)  Declination,  or  the  angle  which  the  magnetic  axis 
of  a  freely  suspended  horizontal  magnet  makes 
with  the  geographical  meridian. 

Lesson  L. — Magnetic  Inclination  by  the 

Dip  Circle. 

110.  Apparatus. — The  dip  circle,  exhibited  in  Fig.  138, 
the  most  essential  part  of  which  is  the  magnetic  needle  nn\ 
about  3  inches  in  length,  with  pointed  extremities.  It  is 
represented  in  Fig.  139  suspended  on  its  supports.  The 
axles  of  the  needle  consist  of  two  very  fine  cylinders  of 
hardened  steel  at  right  angles  to  the  plane  of  the  needle, 
and  the  perfect  condition  of  these  axles  as  to  polish  and 
dryness  is  a  point  of  essential  importance.     The  axles  are 
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fitted  so  as  to  rest  on  two  horizontal  agate  rounded  edgj 
aa',  the  one  axle  lying  on  the  one  edge,  and  the  other  a 
on   the  other.       The    instrument    is    provided   w'  ' 


needles,  which  we  shall  distinguish  as  No.  1  ami  No.  2. 
The  poles  are  lettered  witli,  say,  u  and  /3,  the  lettered  side 
being  called  Ike  face.     WLen  the  needles  are  not  in  use 
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r 

^H  they  should  he  kept  in  a  box  containing  quicklirae  to  pre- 
^V  vent  the  oxidation  of  the  axles.  The  needle  in  use  is  en- 
closed within  a  mahogany  box  ABCD,  having  a  plane  glass 
front,  through  which  the  ends  of  the  needle  are  seen,  and 
a  ground-glass  back,  that  gives  the  proper  kind  of  illumina- 
tion for  viewing  the  ends  of  the  needle   distinctly.     By 

turning  the  milled  head  a  (Fig.  138)  the  a         '  " 

is  rotated,  causing  two  Y-ahaped 
pieces  of  metal  (one  of  which  is  seen 
below  D,  Fig.  139)  to  lift  the  needle 
from  the  agate  planes.  A  pair  of 
bar  magnets  and  a  wooden  frame 
for  holding  the  needle.s  during  mag- 
netisation are  prorided  with  the  dip 
circle.  For  recording  the  observa- 
tions blank  schedules,  as  used  at 
Kew,  should  be  adopted. 

If  the  vertical  plane  in  which 
the  needle  swings  be  the  magnetic 
meridian,  if  the  centre  of  gravity  of 
the  needle  coincides  exactly  with,  its 
axis  of  motion,  and  the  axis  of  figure 
of  the  needle  with  its  magnetic  axis,  ^ 
and  if  there  be  no  friction  or  adhe- 
sion between  the  axles  and  the  agate 
edges,  the  needle  will  settle  in  such 
a  position  as  to  indicate  the  true 
magnetic  dip.  The  positions  of  tlie 
two  ends  of  the  needle  are  observed  '''^'  ""'■ 

by  means  of  two  microscopes  m, 
m',  which  are  attached  to,  and  move  round  with  a  cross- 
piece  carrying  the  verniers,  for  reading  off  the  position  on 
the  vertical  circle  V  (Fig.  138).  If  we  wish  to  determine 
the  position  of  the  upper  end  of  the  needle  we  move  the 
upper  microscope  round  until  the  cross-wire  seen  in  its  field 
of  view  lying  along  the  lino  between  the  two  microscopes 
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symmetrically  cufca  the  upper  extremity  of  the  needle, 
screw  c  is  then  clamped,  and  a  perfectly  accurate  adjue 
ment  made  by  the  tangent  screw  W.  The  upper  vernier  ii 
then  read  by  the  help  of  the  reading  glass  g'.  The  sara 
prooeBS  IB  repeated  for  the  lower  vernier,  and  the  mean  o 
the  two  readings  is  taken.  The  vertical  circle  is  so  gradu-  I 
ated  that  tbia  mean  wilt  accurately  denote  the  mimetic 
dip,  provided  all  the  adjustments  are  accurate. 

For  the  purpose  of  bringing  the  plane  of  the  needle  into 
the  magnetic  meridian  the  body  of  the  instrument  rotates 
about  a  vertical  axis,  and  may  therefore  be  turned  in 
azimuth  into  any  position  ■which  may  then  be  read  by  the 
vernier  (not  seen  in  the  figure)  of  the  horizontal  circle  H. 

Sources  of  Error. — With  regard  to  the  needle  there  may 
be  (1.)  a  want  of  symmetry  ia  mass,  that  is  to  say,  the 
centre  of  gravity  of  the  needle  may  not  coincide  with  its 
axis  of  motion ;  (2.)  a  wa,nt  of  symmetry  in  magnetism, 
that  is  to  say,  the  magnetic  axis  may  not  be  coincident 
with  the  axis  of  figure ;  (3. )  there  may  be  friction  or'  ad- 
hesion of  the  axles  as  they  rest  upon  ^eir  agate  supports. 
In  the  next  place,  with  regard  to  the  instrument;  (4.) 
the  axis  about  which  the  "vertical  circle  moves  may  not  be 
vertical ;  (5.)  the  plane  in  which  the  observation  is  made 
may  not  be  the  magnetic  meridian ;  (6.)  the  vertical  circle 
may  be  erroneously  set  bo  that  the  line  between  90°  above 
and  30°  below  is  not  strictly  a  vertical  line ;  (7.)  and  lastly 
the  axis  of  rotation  of  the  needle  may  not  pass  through  the 
centre  of  the  vertical  circle,  thus  causing  an  error  due  to 
this  eccentricity. 

Method  of  Observalion^I.  Prelimimwy  Adjiisimi:nt, — The 
instrument  having  been  placed  upon  a  stone  pedestal  of  a 
suitable  height,  we  proceed  to  (1.)  make  sure  that  the  asds 
about  which  the  upper  part  of  the  instrument  moves  is 
truly  vertical.  This  adjustment  is  made  by  means  of  the 
level  I  attached  to  the  instrument  on  the  same  principle 
as  the    corresponding    adjustment    in    the   cathetometer 
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(Vol  I.  p.  33).  "When  tlio  axis  lias  thuB  been  made 
vertical,  it  may  be  taken  for  granted  that  the  divided 
circle  is  vertical  likewise.  (2.)  Next  the  plane  in  which 
tlie  observation  is  made  must  be  that  of  the  magnetic 
meridian.  To  ensure  this,  set,  iji  the  fii'St  place,  the  upper 
vernier  to  90°.  Then  take  one  of  the  two  dip  needles  {say 
Ko.  1)  and  clean  its  axles  by  inserting  them  gently  into 
pieces  of  soft  cork,  and  clean  also  the  agate  knife-edges  by 
nibbing  them  with  cork.  Having  done  this,  let  the  needle 
rest  on  its  knife-edges.  Kest  turn  the  movable  part  of 
the  instrument  roimd  in  azimuth  until  the  face  of  the 
instrument  {that  is  to  say,  the  part  bearing  the  vertical 
circle)  is  towards  the  south,  and  the  upper  extremity  of  the 
needle  is  exactly  bisected  by  the  thread  of  the  upper 
microscope.  In  order  to  do  away  with  adhesion  or  fric- 
tion, raise  now  the  needle  in  its  bearings  by  means  of 
the  head  C,  and  then  allow  it  gently  to  fall  on  the  agate 
planes  once  more.  If,  when  this  is  done,  the  thread  of  the 
microscope  still  nearly  bisects  the  end  of  the  needle,  a 
second  adjustment  should  be  made,  that  is  to  say,  the 
circle  must  be  turned  round  in  azimuth  until  the  upper 
end  of  the  needle  shall  be  precisely  bisected  by  the  thread 
of  the  upper  microscope,  when  the  instrument  ia  prevented 
from  further  turning  by  making  use  of  the  appropriate 
clamp  screw,  Tlie  vernier  of  the  horizontal  circle  is  then 
read.  Call  the  reading  A.  (3.)  Let  us  independently 
perform  a  similar  operation  a.s  regards  the  lower  extremity 
of  the  needle  and  its  microscope.  Call  the  reading  of 
the  horizontal  circle  A'.  The  above  observations  have 
been  made,  let  us  suppose,  with  the  face  of  the  needle 
turned  to  the  face  of  the  instrument.  (4.)  Let  us  now 
reverse  the  needle  so  that  the  back  of  the  needle  is 
turned  to  the  face  of  the  instrument,  and  make  similar 
readings  of  the  horizontal  circle.  Call  these  readings  B, 
B'.  (5.)  Next  turn  the  movable  circle  round  in  azimuth 
through  ISO",  until  tlie  face  is  towards  the  nojih,  and  re- 
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V  Teailingg  be    ^^H 

iiontal  circle,      ^^ 
uth  for  verti-  1 


peat  these  sets  of  observations. 
C,  C  and  D,  D'. 

We  have  thus  eight  readings  of  the  horizontal  circle, 
the  mean  E  of  which  will  give  the  true  azimuth  for  verti- 
cality  of  the  dipping  needle,  and  ft  position  of  the  movable 
circle  =  90 +  E,  will  denote  the  magnetic  meridian.  The 
horizontal,  like  the  vertical  circle,  is  not  graduated  above 
90°,  so  that  the  same  reading  of  it  which  corresponds  to 
verticality  of  the  needle  denotes  in'  the  next  quadrant  of 
the  horizontal  circle  the  true  meridian. 

//.  Determination  of  tlm  Dip. — Having  determined  by 
these  means  the  plane  in  which  we  are  to  observe  the 
needle,  let  ns  now  proceed  with  our  observation  of  dip. 

(1.)  Presuming  that  the  axles  of  the  needle  have  been 
properly  cleansed  by  the  method  alluded  to,  let  us  turn 
the  face  of  the  instrument  to  magnetic  east,  and  let  the 
face  of  the  needle  be  towards  the  face  of  the  instrument. 
Now  set  the  cross-piece  carrying  the  microscope  and  vernier 
so  that  the  thread  in  the  upper  microscope  shall  bisect  the 
upper  extremity  of  the  needle.  Then  raise  the  needle  by 
means  of  the  lifter,  and  gently  let  it  down  again.  If  it  comes 
very  near  its  previous  position  we  may  adopt  the  reading 
given  by  the  vernier  as  that  of  the  upper  extremity  of  the 
needle.'  (2.)  Next  perform  independently  a  precisely  similar 
operation  for  the  lower  end  of  the  needle,  and  read  its  posi- 
tion as  given  by  the  lower  vernier.  We  have  thus  read 
both  ends  of  the  needla  (3.)  Now  turn  the  face  of  the 
instrument  to  the  magnetic  west,  and  repeat  in  this  position 
the  above  observations.  (4.)  Then  reverse  the  needle  and 
repeat  them,  and  then,  keeping  the  needle  reversed,  turn 
the  face  to  magnetic  east  and  repeat  the  first  set  of  obser- 
vations once  more,  with  the  diiTcrence  that  the  back  of  the 
needle  is  now  turned  to  the  face  of  the  instrument. 

Of  the  two  extremities  of  the  needle,  which  are  marked 
•  TliB  new  position,  !)y  setting  the  vernier  to  it,  will  give  ua  s 
second  reading  (aee  ouaniplci). 
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a  and  13,  let  us  suppose  that  o  dips.     We  have  thus  made 
'  in  all  eight  ohaervationa,  as  follows : — 

UpiKt         Lo-rar 
Eitremity.  Bitremitj'. 
Fiwe  of  instmment  east.     Face  of  iieadle  to  face 


1! 


K'a 


D_ 


D' 


(5.)  We  must  now  reverse  the  polarity  of  the  needle  by 
the  method  of  "double  touch,"  so  ae  to  make  ^  dip. 
To  do  this  let  us  lay  the  needle,  AB,  Fig.  140,  in  the 
wooden  frame  FF'  made  to  receive  it,  and  hold  it  tight  by 
slipping  over  the  centre  the  holder  C,  and  by  means  of  the 
two  bar  magnets  provided  for  the  pui'pose  let  us  rub  the 
upper  side  of  the  needle  with  the  appropriate  poles  of  the 


bar  magnets.  The  bar  magnets  should  he  held,  one  in 
each  hand,  nearly  tn  a  vertical  position,  and  drawn  along 
the  grooves  in  the  wooden  frame  from  the  centre  of 
the  needle  towards  its  ends.  Eepeat  this  operation  ten 
times.  Next  turn  the  needle  back  to  front,  and  perform 
a  similar  series  of  operations  upon  its  other  side.  (6,) 
We  may  now  suppose  the  needle  to  be  saturated  with 
magnetism,  the  end  ^  dipping.  Having  cleaned  its  axles 
with  cork,  let  ua  now  proceed  to  make  with  it  a  series  of 

I  eight  observations,   precisely  analogous  to  these  already 
described.      Call  these 
Th 
six 


V-^>=  >«>:  ^^^pi  ^^^> 

The  observation  is  now  complete,   and  the  mean  of  the 

sixteen  readings  will  give  us  the  true  dip.      (7.)  For  a 
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^^M  complete  observation  it   is  deairable    that   the  whole    of 

^^m  the  processes  should  now  be  repeated  with  needle  No,  2. 

^^    If  the  circle  and  needles  are  good,  and  the   observation 

be  well  made,  the  values  for  the  dip  given  by  the  two 

needles  will  differ  only  very  slightly  from  one  another. 

Theory  of  A^usiminis.—-(i.)  First  of  all,  with  regard  to 
the  method  of  determining  the  magnetic  meridian,  it  must  be 
remembered  that  the  needle  is  only  free  to  move  in  a  plane 
perpendicular  to  its  axis.  Now,  should  thia  plane  of  free 
motion  be  at  right  angles  to  the  magnetic  meridian,  the 
resolved  portion  of  the  horizontal  magnetic  force  acting 
in  thia  plane  wOl  be  zero,  or,  in  other  words,  the  needle 
will  not  be  under  the  influence  of  the  horizontal  magnetic 

■  component  at  iill.  It  will,  however,  continue  to  be  in- 
fluenced by  the  vertical  component,  and  will  therefore, 
if  correctly  conatrncted,  place  itself  in  a  truly  vertical 
position. 

(II.)  The  various  reversals  made  in  the  process  of  de- 
termining this  vertical  position  are  rendered  necessary  by 
the  possibly  faiilty  conatruction  of  the  needle  and  the  im- 
perfect placing  of  the  vertical  circle,  and  their  object,  as 
well  as  that  of  the  other  reversals  necessary  to  a  complete 
observation,  will  now  be  described.  A  needle,  assmning 
that  its  axle  is  truly  cylindrical,  may  yet  be  imperfect  in 
I  three  ways : — 

(a)  Its  centre  of  mass  may  not  coincide  with  its  centre 

of  motion  as  regards  the  length  of  the  needle. 
(/3)  Its  centre  of  mass  may  not  coincide  with  its  centre 

of  motion  as  regards  the  breadth  of  the  needle. 
(7)  Its  magnetic  axis  may  not  coincide  with  its  axis  of 

figure. 

Again,  the  vertical  circle  may  not  be  properly  set  in 

such  a   manner    that  the   line    between    the    ujjper    and 

'  lower    reading    of    90°  is    truly    vertical.      Further,    the 

axis  of  motion  of  the  needle  may  not  pass  through  the 

centre  of  thia  circle.     This  last  error,  or  that  caused  by 
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eccentricity,  ia  overcome  (Vol.  I.  ji.  50)  by  reading  both 

Is  of  the  needla 

When  the  needle  is  reversed  in  its  bearings  the  action 
of  the  needle  errors  (/3)  and  (y)  will  be  likewise  reversed. 
The  atudent  may  assure  himself  of  this  statement  by  mak- 
needles  of  tissue  paper  and  denoting  the  magnetic  axis 
by  an  ink  line  and  the  centre  of  gravity  by  a  dot  of  ink. 
It  will  at  once  be  seen  that  if  the  action  of  either  eiTor  is 
(say)  to  increase  the  dip  when  the  face  of  the  needle  is 
towardB  the  observer,  it  will  act  so  as  to  diminish  the  dip 
when  the  needle  is  reversed. 

When  the  face  of  the  circle  is  tiuned  round  through 
180°  the  extremities  of  the  needle  are  brought  into  different 
quadrants  of  the  vertical  circle.  If,  therefore,  the  points 
(90°)  have  been  erroneously  set,  so  as  to  maJce  the  needle 
read  too  low  in  the  previous  position,  it  will  now  read  too 
high,  and  thus  by  taking  a  mean  of  the  two  the  error 
caused  by  an  erroneous  setting  of  the  circle  is  avoided. 
Another  advantage  of  this  reversal  of  the  vertical  circle  is 
that  now  points  of  the  steel  axle  are  brought  in  contact  with 
the  agate  plane. 

The  only  error  left  uncompensated  is  (a),  for  it  will  be 
noticed  that  during  all  these  changes  its  position  with 
respect  to  the  axis  of  motion  remains  unreversed. 

This  error  is  got  rid  of  by  reversing  the  poles  of  the 
needle.  For  if,  when  the  first  series  was  made,  the  centre  of 
should  have  happened  to  be  below  the  axis  of  motion, 
thus  causing  a  moment  tending  to  increase  the  dip,  after 
the  reversal,  the  same  centre  of  mass  will  be  above  the 
and  thus  cause  a  moment  tending  to  diminish  the 
dip.  The  student  may  render  this  point  obvious  to  himself 
by  means  of  tissue-paper  needles. 

Having  thus  described  the  reason  for  the  various  steps 
of  the  process,  it  only  remains  to  state  that  in  the  determina- 
tion of  the  position  of  verticality  it  is  obviously  unnecessary 
to  reverse  the  poles  of  the  needle,  inasmuch  as  any  dis- 
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placement  of  the  centre  of  mass  of  the  needle  with  regard 
to  its  length  could  have  no  effect  in  altering  its  verticality. 
It  is  only  when  the  needle  assumes  a  non-vertical  position 
that  this  can  be  influenced  by  the  error  in  question.^ 
Example.^ —  ^ 

Kew  Observatory,  24tli  November  1885. — Circle  No.  33 ;  setting 
of  azunuth  circle  (determined  by  the  method  described  above)  corre- 
sponding to  magnetic  meridian  65**  44' ;  time  2  h.  18  m.  to  2  h.  46  m. 

P.M. 


Pole  »  Dipping. 


A^  A'^    mean 

67  21  67  26 

23  32  67°  25' -50 

68  10  67  56 

10  54  68''  2' -50 

Ci  C'^ 

67  51  67  46 

50  47  67"  48' -50 

D^  D'^ 

67  32  67  84 

33  34  67°33'-25 


Mean  of  means  .  67"  42' -44 


Pole  /3  Dipping. 


A, 

67  25 
28 

B, 

67  34 
33 

C^ 
67  54 

51 

D, 

67  17 
21 


A'^         mean 

67  29 

28    67"27'-50 


$ 


B' 

67 '25 

30     67"  30' -50 

67  38 

38     67"  45' -25 

67  28 

28    67"  23' -50 


Mean  of  means    .  67"  31'-69 


Mean  of  all  the  observations,  67"  37' '06. 


111.  The  horizontal  magnetic  intensity  and  the  declina- 
tion may  be  accurately  determined  by  the  portable  unifilar 

1  For  the  mathematical  theory  of  the  dip  needle,  see  a  Treatise  on 
Magnetism  by  Sir  George  Airy,  pj).  83-90. 

^  For  the  examples  of  observations  of  the  three  magnetic  elements 
we  are  indebted  to  Mr.  George  Whipple,  director  of  the  Kew  Observa- 
tory ;  and  to  Mr.  T.  "W.  Baker,  magnetical  observer  there. 
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magnetometer  (Kew  pattern),  which  is  auitable  not  only 
for  fixed  observatories,  but  also  for  magnetic  Biirveys. 
The  student  having  been  made  familiar  in  Chap.  II. 

[  with  the  general  principles  of  the  determination  of  the 
horizontal  intensity  with  simple  apparatus,  we  shall  de- 
scribe at  once  the  details  relating  to  the  Kew  instrument. 
It  should,  however,  iirst  be  renaarked  that  many  instni- 

'  roents  have  been  graduated  for  the  Foot -Grain-Second 
system.  To  convert  the  value  of  H  so  obtained  to  the 
C.  G.  S.  system,  it  is  necessary  to  multiply  by  ■04611. 


Lesson  LL — Determination  of  Time  of  Vibration. 

112.  Apparatus. — The  Kew  portable  magnetometer,  a 
chronometer,  and  a  blank  schedule,  as  used  at  Kew.  A 
general  view  of  the  instrument  fitted  for  the  lesson  is  seen 
■     Fig.  Ul. 

The  vibration  magnet  Mj  (Fig  HI)  ia  suspended  by 
means  of  a  thread  (freed  from  torsion  as  much  as  possible) 
from  the  torsion  head  A,  and  so  placed  in  the  centre  of  a 
wooden  box  provided  for  the  purpose,  light  being  thrown 
upon  its  scale  by  means  of  the  transit  mirror  C,  and  the 
divisions  of  this  scale  lieing  read  by  the  telescope  T,  of  the 
instrument.  The  portion  of  the  instrument  supporting  the 
telescope  and  wooden  box  is  capable  of  rotation  about  an 
axis  fixed  to  the  base  E,  which  ia  provided  with  a  circular 
scale. 

At  B,  Fig.  142,  is  seen  an  enlarged  \-iew  of  the  vibra- 
tion magnet  It  consists  of  a  hollow  steel  cylinder,  having 
a  glass  scale  at  one  end  and  a  lens  at  the  other,  the  scale 
being  at  the  chief  focus  of  the  lens.  It  is  held  withm  a 
short  brass  tube,  within  which  it  just  fits,  A  second  brass 
tube  b  is  fixed  above  B  for  holding  the  brass  inertia  bar  A, 
nsed  for  detenoimng  the  moment  of  inertia  (see  Vol.  I., 
Lesson  LIV.) 


PRACTICAL  PHYSICS. 


Arrangement  of  Apparafius. — (1.)  The  instniment  ahoulflfi 
be  placed  upon  the  top  of  a  small  stone  pedestal  that  id 


about  3  feet  high,  so  that  when  the  observer  is  in  i 
sitting  position  the  telescope  may  Ije  about  the  level  of  h 


VI.] 


MAGNETIC  ELEJIENTS. 


287 


eye.  (2.)  Fix  the  wooden  box  in  positioTL  (3.)  Pocua 
the  eye-piece  of  the  teloacopo  bo  that  the  cross-wire  is  seen 
distinctly,  then  adjust  the  instrument  for  viewing  distant 
objects.  Place  the  telescope  in  its  Y  supporta,  and  turn 
the  body  of  the  magnetometer  until  the  axis  of  coUima- 
tiou  of  the  telescope  lies  approximately  in  the  magnetic 
meridian,  the  telescope  pointiog  ,, , , 

to  the  north.      (4.)  Level  by    (■■^■■^■Bnaid'^ 
means  of  the  cross  level  on  the 
stand,   and    that    on    the   tele- 
scope.    (5.)  Tuni  the  mirror  C 
until  the  field  of  the  telescope    \ 
's  well  illuminated.     (6.)  Screw 
he  glass  tube  with  its  torsion 
head  into   its   place,   the   siUf 
fibres    being    meanwhile    made  (I 
stationary  inside  the  tu!>e  b; 
cork  thrust  in  its  open  end.    (7.) 
la  plummet   having  a 
cross  bar  to  the   ends  of  the 
fibres,  allow  it  to  hang  for  some 
time,  and  turn  the  toraion  head 
until  the  cross  bar  lies  in  the 

magnetic  meridian.  (S,)  Care-  p<b- '*i'-— ^^^<^ij^Eii  JtAONEia 
fully  replace  the  plummet  by 

the  vibmtion  magiiet,  remembering  that  the  end  of  the 
magnet  marked  N  must  be  placed  northwards.  (9.)  Ad- 
just the  magnet  to  the  right  height,  so  that  its  axis  lies 
1  that  of  the  telescope.  Bring  the  magnet  to  rest,  when 
its  scale  should  be  distinctly  seen  in  the  telescopa  The 
scale  of  the  magnet  is  exhibited  in  Fig.  143. 

Special  AdjuatmmU  wnd  Corrections — SetUng  Axis  Hon- 

zontai. — It  will  be  noticed  that  we  liave  here  two  scales 

— a  comparatively  long  scale  and  a  short  one.     In  the 

^L     meantime  let  us  consider  the  latter.     The  object  of  this 

^1     ^  to  enable  us  to  make  the  magnetic  axis  horizontal. 
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It  is  clear  that  if  this  axis  be  not  horizontal  tlie  vibration 
will  not  take  place  under  the  full  value  of  the  horizontal 
component  of  the  earth's    magnetic  force,  and  we    shall  ^ 
obtain  an  erroneous  result.     Further,  it,  is  clear  that  i 


(>;a.^H 


Older  to  render  this  axis  horizontal  the  needle  must  be 
differently  balanced  in  its  atin-up  in  places  for  which  the 
horizontal  magnetic  component  is  widely  different.  On 
this  account  it  is  extremely  desirable  that  the  observer 
should  not  trust  to  a  ready-made  adjustment,  but  should 
learn  how  to  make  it  himself.  For  this 
purpose,  having  placed  the  divisions  of  the 
short  scale  vertical,  he  should  notice  the  read- 
ing of  this  scale  which  corresponds  to  the 
verdcal  wire  of  the  telescope.  He  should 
then  turn  the  magnet  round  in  its  stirrup 
through  180°,  and  take  the  above  reading 
once  more.  The  mean  of  these  readings  will 
be  that  of  the  axis.  Now  let  him  torn  the 
magnet  round  until  the  shoi-t  scale  divisions 
ifPiBAina  TOB  are  horKoiilal,  and  if  that  point  of  it  determined 
""sItiS^p."  as  above  be  now  coincident  with  the  lu/risonial 
wire,  the  axis  may  be  regarded  as  horizontal. 
If  not,  there  is  an  arrangement  {Fig.  144)  by  which  the 
tube,  within  which  the  magnet  fits,  may  ho  grasped  by  u, 
b,  and  c  when  the  ring  r  is  pushed  down,  and  the  magnet's 
position  in  the  stirrup  altered  by  a  slow  downward  movft- J 
ment  of  s',  produced  by  turning  n.     This  should  be  don< 
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^H  until  the  short  scale  has  the  point  which  represents  the 

^^B  axis  coincident  with  the  horizontal  wire. 

^^  Moment  of  Inertia. — When  this  adjuatment  has  been 
made  it  is  desirable  that  the  observer  should  determine 
for  himself  the  moment  of  inertia,  of  the  magnet  as  it 
rests  in  its  stirrup.    Tliis  is  done  precisely  after  the  manner 

»  described  in  Lesson  LIV.  of  oar  first  volume,  so  that  the 
method  need  not  here  be  repeated.  It  must  not  be  for- 
gotten that  the  moment  of  inertia  so  determined  has  a 
slight  temperaturo  variation. 

Temperaiwe  and  Induction  Coefficients. — These  are  gener- 
ally determined  at  some  central  magnetic  station,  such  as 
the  Kew  Observatory ;  and  the  methods  by  which  these 
determinations  are  made  will  be  given  in  Appendix  E. 
In  the  text  we  shall  confine  ourselves  to  a  description 
of  the  part  which  they  play.  We  have  already  (Chap. 
II.)  mentioned  that  an  increase  of  temperature  diminishes 
to  some  extent  the  magnetism  of  a  magnet,  and  that 
it  recovers  the  loss,  if  not  wholly  yet  to  a  very  great 
extent,  when  it  is  brought  back  to  ita.previons  temperature. 
Now  let  fjj  denote  a  standard  temperature,  and  let  t  be  the 
temperature  o£  observation ;  then  we  may  assume  the 
following  expression  for  the  magnetic  moment  m'  at  t — 

W=m{l-9((-(„)-s'((-g>}      .       .        .    (1) 

where  q  and  5'  are  coefBcients  which  must  be  deter- 
mined. 

In  the  next  place,  with  respect  to  induction,  let  V 
denote  the  vertical  component  of  the  magnetic  force  at 
the  place  of  observation.  If  now  we  set  the  magnet  on 
the  table  with  the  marked  pole  downwards,  we  shall  have, 
besides  the  permanent  magnetism,  an  induced  effect  pro- 
duced in  our  magnet  by  the  earth's  vertical  component. 
Let  II.  be  the  increase  in  the  magnetic  moment  of  the 
magnet  that  would  be  produced  by  an  inducing  infiuence 
equal  to  unity,  then,  under  the  above  circumataneea,  an 

VOL.  U.  U 


PEACTICAL  PHYSICS. 


effect  =Yfi  wonld  be  produced,  and  it  would  act 
same  direction  as  the  permanent  magnetism,  eo  that  tl 
whole  magnetic  moment  would  be  m'  +  V/j. 
place    the    magnet   with    the    marted    pole    upwards    its 
moment  will  be  W('  —  V/i,  so  that  it  is  distinctly  weaker  ii 
the  latter  position  than  ia  the  former.     Here  ft  denotes 
the  induction  coefficient ;   and  in  the  case  of  the  vibrat-j 
ing  magnet  oscillating   under  the  action  of  a  force  ml 
it  will  tend  to   augment    this   force,  which  will  bocoi 
{m'-^H^}U. 

Torsion. — We  have  thus  defined  these  two  coefficieni 
which  relate  strictly  to  the  magnetism  of  the  bar.  NoW|J_ 
could  we  suspend  our  magnet  by  a  thread  without  torsioI^. 
the  way  would  be  clear  for  making  a  vibration  observation. 
But  this  we  cannot  do ;  for,  even  if  we  suppose  that  the 
magnet  rests  at  the  zero  of  torsion,  any  alteration  in  its 
position  will  be  resisted  by  the  force  of  torsion  of  the 
thread,  which  must  virtually  be  reckoned  as  a  force  to  be 
added  to  that  of  the  earth's  magnetic  action.  It  is  clear 
then  tliat  we  ahaU  have  to  find  the  value  of  this  force  of 
torsion.  To  do  this  we  must  first  ascertain  the  value 
the  long  scale  of  our  vibration  magnet. 

Let  the  horizontal  circle  be  turned  until  the  extrei 
left  of  thia  scale  coincides  with  tlie  vertical  wire  of 
telescope,   and  in  this  position  take  the  reading  of   the 
vernier  of  the  horizontal  circle.     Turn  the  circle  now  until 
the  extreme  right  of  the  scale  coincides  with  the   telO' 
scope  wire,  and  take  once  naore  the  reading  of  tbe  vernier. 
On  the  a5Sumi>tion  tliat  the  true  position  of  the  i 
is  virtually  the    same    in    both   these    observations, 
knowing  the  number  of  divisions  embraced  in  the   hori- 
zontal  scale,  we  can    at  once  determine  the  value  of  a 
division.     Thus,  if  D  denote  the  difference  between  the 
two  readings  of  the  horizontal  circle,  and  «  the  number, 
of  divisions  of  the  scale,  then  -  will  be  the  angular  vali 
of  one  divisioQ. 
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Example, — 
Ist  Position. — 


Beading  on  Gircalar  Scale. 

Vernier  A    180"    0'    0" 
Vernier  B  0'  40" 


Beading  on  Magnet  Scale. 
0 


Mean    180'    0' 20" 


2d  Position.—      Vernier  A    182°  19'    0" 

Vernier  B  19'  20" 


60 


Mean    182°  19'  10" 
180°    0'20" 


Difference      2°  18'  50" 


2°  18'  50" 

Hence    one    division    on   magnet    scale   = — =  2'  18" '8 

60 

=2' -32  nearly. 

We  are  now  prepared  to  measure  the  torsion  by  means  of 
the  torsion-circle,  to  which  the  suspension-thread  is  attached. 
The  mode  of  observation  will  be  seen  from  the  following 
example : — ^The  magnet  having  been  brought  to  rest,  the 
position  of  the  telescope  was  exactly  adjusted  by  means  of 
the  tangent  screw  until  the  cross -wire  of  the  telescope 
stood  at  the  middle  division  of  the  magnet  scale.  The 
torsion  head  was  then  turned  through  +  1 80**  (clock-wise), 
and  the  scale  reading  was  now  6*5.  The  torsion  head 
was  now  turned  back  to  its  original  position,  and  the 
reading  -  0*6  taken ;  it  was  further  turned  in  the  same 
direction  (counter  clock -wise)  to  -  180°,  which  gave  a 
scale  reading  of  -  7*4.  Finally,  on  coming  back  to  0**, 
the  scale  reading  was  -  0'2.  Tabulating  these  results 
we  have : — 
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Observation  of 

Torsion.     (1  Scale  Division  =  2'  -32. ) 

Torsion  Circle.    Scale. 

Mean. 

Difference. 

0°  =      0-0  (a) 

+  180°=  +6-5(6) 
0°=  -0-6  (c) 

-180°=  -7'i{d) 
0°=  -0-2  («) 

(of  a  and  c) 
-0-3=/ 

(of  c  and  e) 
-0'i=g 

(between  b  and/) 
6-8=^ 

(between  d  and  g) 
7'0=i 

(Adding  h  and  i  and  dividing  sum  by  4) 

13-8 

Effect  of  90°  of  torsion^  in  scale  divisions  =  3 '45. 

Hence  we  find  the  effect  of  90°  of  torsion  on  the 
position  of  the  magnet  to  be,  in  angular  measure, 

3-45x2' -32  =  8' -004. 

Now  let  Fd  denote  the  force  of  torsion  for  a  small 
angle  d,  and  let  Hmd  be  likewise  the  magnetic  force  called 
into  play,  then  if  d  denote  the  angular  deflection  produced 
by  90**  of  twist,  it  is  clear  that 

F  _     d 

Application  of  Corrections. — Finally  (Vol.  I.  p.  251),  the 
following  expression  gives  us  the  relation  between  the 
observed  time  of  vibration  of  the  magnet  and  the  force  in 
operation  in  accordance  with  the  various  corrections  now 
indicated : — 

ip  2_  ^*1 


{m  {1  -  q{t  -  to)  -  q\t  -  t^f)  +  H/i}  H  +  F' 
x^ 


(3) 


^  This  determination  was  made  at  Manchester,  not  at  Eew. 
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if  we  denote  by  Q(^-^o)  ^^®  whole  temperature  correc- 
tion. 

But  the  correct  value  of  T  corresponding  to  ^^  will  be 
expressed  as  follows : — 


rpa— 


hence 


(4) 


where  Tj  is  the  true  observed  time  of  vibration.     In  order 
to  facilitate  calculation  of  this  formula  the  following  table 

has  been  drawn  up  of  the  value  of  1  +  j^  by  the  aid  of 

equation  (2) : — 

Table  M. 

F 
Value  of  l  +  f?r—  for  Different  Values  of  d. 
Km 


Effect  of 

F 

Effect  of 

F 

Effect  of 

F 

90' of 
Torsion =(2. 

1+Hn.- 

90°  of 
Torsion =d. 

^+Hm- 

90"  of 
'  Torsion =d. 

^+Hm- 

1' 

1-00019 

6' 

1-00111 

'        11' 

1-00204 

2' 

•00037 

7' 

•00130 

12' 

-00223 

8' 

•00056 

8' 

•00148 

1       13' 

-00241 

4' 

•00074 

9' 

•00167 

14' 

•00260 

6' 

•00093 

10' 

•00186 

1       15' 

•00278 

The  values  of  the  correction  Q(<  -  Iq),  where  Q  is  the  coeflS- 
cient  which  must  be  determined  for  the  particular  magnet 
in  use,  t  is  the  temperature  of  observation,  and  ^^  the 
standard  temperature,  should  also  be  embodied  in  a  table. 
Error  of  Chronometer  and  Arc  of  Vibration. — The  time  T^ 
is  liable  to  an  error  on  account  of  chronometer  rate,  and 
also  to  one  on  account  of  the  magnitude  of  the  arc  of  vibra- 
tion. Let  s  denote  the  daily  chronometer  rate  in  seconds, 
+  when  gaining,  -  when  losing,  then,  since  there  are 
86,400  seconds  in  a  day,  we  have 

True  time  of  vibration = observed  chronometer  time  ( 1  -  -  j  (5) 
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In  order  to  facilitate  calculation  the  value  of  1  - 


86400 


for 


diflferent  rates  of  the  chronometer  is  exhibited  in  the  fol- 
lowing table : — 

Table  N. 

Chronometer  Factors. 


Daily  Bate, 

Chronometer 

Chronometer 

Seconds =:t^. 

Gaining. 

Losing. 

5 

•99994 

1  -00006 

10 

•99988 

1  -00012 

16 

•99983 

1^00017 

20 

•99977 

1^00023 

25 

•99971 

1^00029 

30 

'99965 

1^00035 

35 

•99959 

1  -00041 

40  . 

•99954 

1^00046 

45 

•99948 

1^00052 

50 

•99942 

1-00058 

The  next  correction  is  on  account  of  circular  arc.  We 
deduce  from  VoL  L  Art.  161  that  the  observed  time 
is  increased  above  the  true  time  for  infinitely  small 
arc,  thus 

True  time = observed  time  ( 1  -  t^  )  iiearly, 

where  A  is  the  mean  angle  denoting  the  semi- arc  of 
vibration  expressed  in  circular  measure.  Let  the  angular 
value  of  this  semi-arc  be  at  the  commencement  of  the 
vibration  a  and  at  the  end  a,  then 


m* 


16 


A2 
16' 


But  we  see  from  Vol.  I.  p.  88  that  in  such  a  case  as  this 
the  geometric  and  arithmetical  mean  are  as  nearly 
as  possible  identical,  so  that  for  the  square   of  the   one 
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we   may   substitute   the  square  of  the  other.     We  may 
therefore  say 

True  time = observed  time/ 1-^  j-  .        .         .     (6) 

This  correction  is  embodied  for  different  values  in  the 
following  table. 

Table  0. 


Value  of 


aa 
16 


Semi-arc  at 
Commence- 
ment in 
Minutes. 

Semi-arc  at  End  of  Observation. 

SC 

7(y 

CO'        1        50'        1        40' 

30' 

100 
90 
80 
70 
60 
50 

•00004 
•00004 
•00003 

•00004 
•00003 
•00003 
•00003 

•00003 
•00003 
•00003 
•00002 
•00002 

•00003 
•00002 
•00002 
•00002 
•00002 
•00001 

•00002 
•00002 
•00002 
•00001 
•00001 
•00001 

•00002 
•00001 
•00001 
•00001 
•00001 
•00001 

Embodying  both  corrections  therefore,  calling  Tj  the  true 
time  and  To  the  apparent  time  of  observation,  we  have 


Ti=To{l- 


86400 


^}  nearly 


.     (7) 


In  general,  however,  these  corrections  may  be  neglected, 
and  the  observed  time  of  oscillation  reckoned  as  the  true 
time  corresponding  to  an  infinitely  small  arc. 

Observation  of  Time  of  Vibration, — The  method  of  observ- 
ing the  time  of  vibration  is  very  similar  to  that  described  in 
Vol.  I.  pp.  187-190.  The  observation  should  be  recorded 
in  the  schedule,  as  shown  in  the  next  example.  Having 
caused  the  magnet  to  oscillate  through  an  arc  of  about  60' 
on  each  side  of  the  middle  line  of  the  scale,  the  times  of 
every  5  th  passage  are  recorded  until  we  arrive  at  the  55th, 
then  the  Olh  is  subtracted  from  the  50  th,  and  the  difference 


PRACTICAL  I'nYSlCS. 


rai 


added  to  the  latter.     This  gives  us  the  time  at  which  tl 
100th  transit  will  take  place.     In  a  aimilar  manner  tl 
5th  is  subtracted  from  the  fi5th,  and  the  difference  added' 
to  the  latter  gives  the  time  of  the   105th  transit.     The 
magnet  is  now  allowed  to  continue   Bwinging  untU  the 
observer  notes   that  the   100th  transit  is  near,  he  then 
observes  the  actual  time,  and  proceeds,  then  observing  every 
5th  nntil  the  155th  Is  reached.     Subtracting  in  succession 
the  times  of  the  0th  from  100th,  10th  from  110th,  6th 
from  105th,  eta.,  we  obtain  a  series  of  numbers,  each  giving, 
the  time  of  100  vibrations.     The  mean  of  the  number 
the  right-hand  transits  is  obtained,  this  is  called 
(1) ;"  also  the  mean  of  the  left-hand  transits,  "  Mean  (2), 
These  means  being  in  minutes,  we  convert  them  to  secom' 
and  divide  by  TOO  to  obtain  the  time  of  a  single  vibratioi 
in  seconds.     The  mean  of  the  two  is  Tj,, 

The  student  will  at  once  perceive  that  in  determininL 
the  time  of  vibration  it  is  essential  to  make  use  of  oscilla- 
tions going  from  left  to  right,  as  well  as  of  oscillatione 
going  from  right  to  left      For,  owing  to  the  diurnal  vb 
tion,  and  possibly  other  causes,  the  position  of  rest  of 
vibrating  magnet  may  be  gradually  altered.     Let  us, 
instance,  imagine  that  this  has  gone  to  the  right  betwi 
the  beginning  and  the  end  of  our  observation.     Then  the 
moment  of  crossing  the  wire  for  oscillations  proceeding 
from  left  to  right  will  be  sooner  than  it  ought  to 
while,  on  the   other  Laud,  the  moment   of    crossing 
oscillations  going  the  other  way  will  be  later  than  it  oughj^ 
to  be.     There  may  thus  bo  a  difference  in  the  value  of  Tj 
as  derived  from  these  two  seta,  but  the  mean  of  the  whoh 
will  represent  the  truth.    The  following  ia  an  actual  obaervj 
tion  made  at  the  Kew  Observatory ; — 

Example. — 

12tli  Allgilat  1884 — SUtion,  Kow  Observatory.— Lat it uda,  51°  38'' 
6"  N.  ;  longitude,  1  m.  16  sec.  W.  ;  chrouoraetor,  A  86 ;  error  »t 
station,  -l-G  ni.  30  see  ;   daily  rate  [<.)=  -10  sec.  ;  siBguot  (Sa  A) 
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fraspended,  Q  =  0*000304;  log  /i  =  0*692643 ;  effect  of  90**  of  torsion 
=  2*7  div.  =  5''0;  one  division  of  scale  =  1' '86;  mean  time  at  com- 
mencement, 5  h.  50  m. ;  mean  time  at  end,  6  h.  2  m.  Moment  of 
inertU  (I)  at  25*  G.  =286*27. 

Semi-arcof /  70'\ /Temp,  ofl  25°-2/  Mean  temperature   \  25°-4C. 
vibration  1  50*  J  \  magnet  J  25*'*6  \  Cor.  for  thermometer  J  -  0*'*4  C. 

25° -0  C. 


Scale  moYing  apparently  to  Right 

Scale  moving  apparently  to  Left. 

(6 

Time  of 

^i 

Time  of 

Time  of 

-i 

Time  of 

^i 

Time  of 

Time  of 

*^:§ 

centre 

"".^ 

centre 

100 

0.2 

centre 

^.^ 

centre 

100 

g| 

passing 

passing 

Vibra- 

5 8 

passmg 

OS 

^1 

passing 

Vibra- 

wire. 

wire. 

tions. 

'^a 

wire. 

wire. 

tions. 

> 

> 

> 

> 

(a) 

(P) 

(0 

(d) 

(e) 

if) 

(a) 

ih) 

(fc) 

(0 
(2) 

(1) 

h.  m.    s. 

m.     s. 

ni.    s. 

h.  111.     8. 

>  m.     8. 

m.    8. 

0 

5  49  45-1 

100 

57  14-2 

7  29-1 

5 

5  50    7-6 

105 

57  36-6 

7  29-0 

10 

„  50  30  0 

110 

57  59-1 

7  29-1 

15 

„  50  52-5 

115 

58  21  -5 

7  29-0 

20 

„  51  15-0 

120 

58  44-0 

7  290 

25 

„  51  37-4 

125   59    6-4 

7  29-0 

30 

„62    0-0 

130 

59  28-9 

7  28-9 

35 

„  52  22-4 

135 

59  51-3 

7  28-9 

40 

„  52  44-8 

140 

0  137 

7  28-9 

45 

„53    7-2 

145 

0  36-2 

7  29-0 

60 

„  53  297 

150 

0  587 

7  29-0 

55 

„  53  52-1 

155 

1  21-0 

7  28-9 

60 

„  54  14-6 

160 

1  43-6 

7  29-0 

65 

„  54  37-0 

165     2    6-0 

7  29-0 

h.    m.    8. 

h.    m.    8. 

Diff.  for40vibs.      .     0    2  597 

Diff.  for  40  vibs.      .     0     2  59  6 

100  at     .     .     5  57  14-3 

105  at     .     .     5  57  36*6 

Mean  of  1  vibration  (1) =4 '4900  sec. 

Mean  of  1  vibration  (2)  =  4 '4897  sec. 

To = mean  of  (1)  ai 

id  (2)  =  4 -4898  sec 

Observer,  T.  W.  Baker. 

Explanation  of  the  Example, — Here  the  observer  has  proceeded  some- 
what differently  from  the  order  of  the  observations  described  above. 
The  tabulation  of  the  transits  has  been  continued  until  the  65th  was 
reached.  Then  subtracting  the  0th  from  the  40th  he  obtained  the 
difference  for  40  vibrations =2  m.  59-7  sec.  This  is  added  to  the  60th 
vibration  to  obtain  the  time  of  the  100th  vibration,  which  number  is 
recorded  at  the  bottom  of  the  column.  In  a  similar  manner  the  time 
of  the  105th  is  obtained. 
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Calculations  of  the  Results, — 


1- 


s 


86400 


ir^I 
=  1  00012  (a) 


-^=-0-00002(6) 


1- 


8 


aa 


86400  16 


=  1*00010  (c) 


F 


1-00093  (d) 
-Q(<-g=-  •00760(e) 

+At^^=+  -00115  (/) 
^0    

l+f^,-Q(^~«  +  A*-^^=  0^99448  (gf) 


To =4 -4898  log  =  0*65223  {h) 
.   log  =  0-00004  (A;) 

Ti  log  =  0 -65227  (Z) 
2 


Hm 


TiMog  =  1-30454  (m) 

.     log  =  9*99760  (w) 

r»  log  =1-30214  (o) 
ir2Ilog=  3-46107  (i?) 

mH=^  log  =2-14893(2') 

^,  """  ilnf  ""^  log  =  3-63574  (r) 
H       example,        °      ^  ' 

mH-=-g  =  H21og  =  8*51319  (s) 
H= 0-18055  log  =  9-25660  (0 

m«  log  =5-78467  {u) 
m  =780-42  log  =  2-89233  («) 

Explanation  of  the  Calculations. — (a)  By  making  «=  - 10,  or  taking 

the  value  directly  from  the  Table  N.     (b)  Here  a  =  70'  and  a' =60', 

therefore 

__  70xir     „„^    /__  50xir    .       .      , 

,  ana  a  — ,  ^^  ^^  in  circular  measure  ; 


/Alog  =  0-69264  (w) 
^log=  3-63284  (a) 

■n©  

j^4.'^o=  -00115  log  =  7-05980  {y) 


180  X  60'      ~        180  X  60 
hence  ,»v  70xirx50xT  aaaao         i 

<^^  =  180x  60x180x60x16=  """^^  "^^'y- 
This  value  agrees  with  that  given  in  Table  0.     (c)  Subtracting  h 
from  a.      {d)  From  /qq^^x   5,  or  from  Table  M.      (e)  From  25  x 
-000304=  -0076.    (/)  This  is  obtained  from  {w)  and  («).    {x)  is  obtained 
by  taking  the  mean  of  logs  of  ^  from  the  deflection  table.     On  sub- 


I 


tmcting  (z)  from  {tc)  we  obtain  (^),  of  whicU  tlio  auti-liig>ritbm  ii  tho 
Toloe  of  (J).     Note  that  10  has  been  aitded  to  (y)  to  aroid  ncntire 

TKj  (I";  ts  21;  (r)  is  log  9  with  10  added ;  (0)  is  m  +  o  ;  (p)  is  log 
■^,  I  being  Sag's?  at  25°  C. ;  (g)  is  (ji)  -  (o).  (r)  8d«  deO«ction  n- 
■iDplE,  when  g  is  the  closest  approiimation  obtainable  bj  the  dufloc- 
t;    (»)  is  W-M  +  fwh  (-'-i?^!     (lO  is  (?)  +  tr);   (P) 


Lesson  LIL— Observation  of  Deflections. 

113.  Arrangemaii  and  Descripliim  of  Appuralus. — Uuving 
now  determined  accurately  the  time  of  vibration  of  the  colli- 
mator  magnet,  we  have  next  to  make  use  of  it  to  deflect 
another  magnet,  but  it  will  be  necessary  first  to  alter  the 
arrangement  of  the  apparatus  as  follows: — (l.)  Remove 
Mj,  and  having  aecnrod  the  fibres  within  the  tube  by  means 
of  a  cort,  remove  the  glass  tube  with  its  torsion  head  A. 
(2.)  Unscrew  the  wooden  box  and  remove  telescope  and 
transit  mirror.  (3,)  Fix  the  long  graduated  bar  SS'  (Fig. 
145)  in  its  place  by  means  of  the  pins  provided,  place 
upon  it  the  carriage  C  for  holding  the  vibration  magnet 
Mj  and  the  thermometer  shown.  (4.)  Replace  the  torsion 
head  A  and  fix  the  deflection  magnet  Mj.  (5.)  Screw  in 
its  place  the  telescope  T.  (6.)  It  ia  desirable  to  surround 
the  deflecting  magnet  with  a  wooden  box  containing  a  ther- 
mometer, by  whicb  the  temperature  of  tliis  magnet  oa  well 
as  that  of  the  deflection  rod  may  be  accurately  ascertained. 
The  deflected  magnet,  seen  at  D,  Fig.  142,  is  a  hollow 
cylinder  of  hard  steel  about  0'8  cm.  in  diameter  and  7'5 
cm.  in  length,  and  it  has  underneath  it,  when  suspended,  a 
vertical  mirror  m  at  right  angles  to  its  length.  It  ia  sue- 
pended  in  a  metallic  box,  the  metal  of  which  acts  inductively 
as  a  damper,  tending  to  bring  the  magnet  to  rest  whea 
it  ia  in  a  state  of  vibration. 

A  reference  to  Fig.  145  will  show  tho  telescope  T  with  a 
Bcale  3  above  it.    The  telescope  is  attached  to  the  lower  port 
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passes  through  this    open  space,  and  likewise  through  i 
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glass  window  in  tlie  metallic  chamber  which  contains  the 
BUBpended  magnet,  and  is  reflected  back  from  the  mirror 
attached  to  the  magnst  and  through  the  telescope.  This 
latter  is  so  adjusted  that  an  image  of  the  scale  is  seen  by 
the  observer  in  the  field  of  view  of  the  telescope,  which 
contains  likewise  a  vertical  reference  wire. 

Whenever  the  image  of  the  central  division  of  the  scale 
is  reflected  upon  this  wire  bo  as  to  coincide  with  it,  we 
may  assume  that  the  magnetic  axis  of  the  magnet  is  either 
parallel  to  the  visual  axis  of  the  telescope,  or  at  least  that 
the  positions  of  these  two  axes  bear  a  definite  relation  to 
each  other,  which  is  not  far  removed  from  that  implied  in 


When  Mj  is  placed  on  the  carriage  C,  which  slides  upon 
the  bar,  by  raising  or  lowering  A,  M,  may  be  placed  at  the 
same  level  as  the  magnet  Mj.  Whenever,  therefore,  the 
deflected  magnet  is  in  this  position,  and  at  the  same  time 
the  central  di\'ision  of  the  scale  is  seen  to  coincide  with  the 
cross-wire  of  the  telescope,  we  may  take  it  for  granted  (a) 
that  the  magnetic  axis  of  the  deflected  magnet  is  parallel 
to  the  visual  axis  of  the  telescope,  or  nearly  so;  {^)  that 
the  magnetic  axis  of  the  deflecting  magnet  is  perpendic- 
ular to  that  of  the  deflected  magnet,  or  nearly  so ;  and 
(y)  that  a  line  drawn  through  the  axis  of  the  deflecting 
magnet  'will  pass  through  the  centre  of  the  axis  of  the 
deflected  magnet,  or  nearly  so.  By  means  of  a  small  ver- 
nier on  the  carriage  we  may  place  the  deflecting  magnet 
in  such  a  position  that  its  centre  precisely  corresponds 
with  a  division  of  the  scale  of  the  deflection  bar. 

In  every  observation  the  movable  part  of  the  instrument 
has  to  be  brought  into  such  a  position  that  the  central 
division  of  the  scale  coincides  with  the  wire  of  the  tele- 
scope.^ From  this  it  is  obvious  that  we  have  nothing  to 
do  with  the  torsion  of  the  fibres,  since  in  every  observa- 
tion tbeir  upper  and  lower  positions  remain  unaltered  as 
'  Or,  in  other  words,  tho  siuo  method  is  used  (see  p.  35), 
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regarda  the  box;  in  fact  the  whole  ajrangoment  ia  carrii 
round  together  withont  any  twist  of  its  separate  parta  Th»l 
position  of  this  movable  system  in  the  varioua  observar'i 
tiona  is  ascertainedbyreading  the  vemiere  of  the  horizontal] 
circle,  aEsnming  that  the  central  division  of  the  scale  coin- 
cides with  the  telescopic  wire.  If,  however,  this  central' 
division  does  not  exactly  bo  coincide,  it  ia  easy  to  ascertain 
the  angular  value  corresponding  to  one  division  of  the  re- 
flected scale  in  the  telescope  by  means  similar  to  that  which 
was  employed  to  determine  the  scale  of  the  collimator  magnet 
(p.  290).  When  this  value  has  been  ascertained  we  may 
correct  for  non-coincidence  between  the  middle  division  (^J 
the  scale  and  the  telescope  wire. 

Adjustttienis. — (1.)  Turn  the  magnetometer  in  azimuth 
until  the  axis  of  the  telescope  lies  in  the  axis  of  the  sus- 
pended magnet.  (3.)  Focua  the  eye-piece  of  the  telescope 
until  the  cross-wire  ia  distinctly  seen.  (3.)  See  that  the 
scale  s  is  well  illuminated  eitlier  by  means  of  a  candle  or, 
better  still,  by  concentrating  light  upon  it  by  means  of 
large  lens  from  a  distant  lamp,  (4.)  The  body  of  the  tele- 
scope should  now  be  focused  in  order  to  see  the  reflected 
image  of  the  scale  s,  the  magnet  M^  being  meanwhile  at  rest' 
If  the  observer  is  not  successful  in  seeing  the  image  it 
probably  owing  to  the  mirror  of  M^  being  tilted  either  too 
lugh  or  too  low.  To  remedy  this  two  screws  are  provided 
at  the  bottom  of  the  muror  in  order  to  give  the  requisite 
inclination.  The  adjustment  is  somewhat  tedious,  but  once 
having  been  made  should  remain  undisturbed.  (5.)  Ee- 
move  M^  and  replace  it  by  the  sighting  tube,  consisting  of  ai'i 
cyhnder  of  the  same  diameter  as  Mj,  with  an  axial  aper- 
ture through  which  the  suspended  magnet  M^  may  be 
observed,  when  the  latter  should  have  its  height  adjusted 
by  lowering  or  raising  the  rackwork  of  A  until  the  axis  of 


.fa 

ele-  I 

^ed^^H 
efit'^^H 
t  io'^^l 
too  ^^^ 

111 


the  sighting  tube  and  of  M^  are  i 


the  s 


)  plane.     The 


magnet   M,  may  now  be   replaced.     (6.)  If  the  refleo 
image  should  be  dull  it  will  probably  be  due  to  dirt  onl 
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moisture  on  the  mirror  or  window.  For  cleaning  the  win- 
dow at  tlie  end  of  the  barrel  a  camel-hair  brush  with  a 
handle  sufficiently  long  to  reach  to  the  end  of  the  barrel  is 
used.  (7.)  Tiie  windows  of  the  magnetometer  box  are 
closed  with  shutters  of  wood,  one  of  which  is  seen  in  a 
raised  position  {Fig,  145). 

Corrections — Length  of  Bar. — The  deflection  bar  is  com- 
pared at  the  central  ohaervatoiy  with  a  standard  bar  in 
order  to  ascertain  the  graduation  error,  and,  being  of  brass, 
its  coefficient  of  expansion  is  known,  so  that  the  true  dis- 
tances between  the  graduations  of  the  bar  at  diiFerent  tem- 
peratures may  be  calculated  for  the  instrument.  If  r^  be 
the  apparent  distance  between  the  centres  of  the  deflecting 
and  suspended-  magnets,  and  r  the  distance  corrected  for 
error  of  graduation  and  temperature,  we  shall  have 


r=r|,{l  +  o([-(u)j  +  correction  for  scale  arror, 

where  a  is  the  coefficient  of  expansion  of  brass,  /„  is  the 
standard,  and  t  the  observed  temperature.  A  table  is 
compiled  by  the  aid  of  this  formula  for  a  range  of  tempera- 
ture from  about  -  5°  C.  to  +  35°  C. 

Crnislant  of  Didributum.- — The  true  fomiuhi  for  deflec- 
tion ia 


=  iHEi 


•{^^r^- 


Now  it  will  be  unnecessary  in  the  above  expression  to 
make  use  of  any  constant  beyond  P,  so  that  the  following 
modified  formula  is  generally  adopted  ; — 

trhere  F  is  a  constant  depending  on  the  distribution  of 
magnetism  in  the  two  magnets  employed.  Since  these 
magnets  always  remain  the  same,  this  constant  may  be 
determined  by  comparing  together  a  series  of  values  of  ^ 
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made  at  dififerent  distance&  It  may  be  shown  that  the  dis- 
tances should,  to  obtain  the  best  results,  have  the  ratio  of  1 
to  1*3.^     To  find  the  value  of  P  we  proceed  as  follows  : — 

Let 

A=Jr'  sin  m, 


and 
then 

hence 


A.'  =  \r^  sin  u^ 
a(i-5)=A'(i-^,); 
A-A' 


P= 


'K7R' 


Temperature  Coefficient — The  vibration  magnet  being 
employed  in  this  observation  to  deflect  a  suspended  magnet, 
the  amount  of  the  deflection  produced  will  of  course 
depend  upon  the  strength  of  the  deflecting  magnet,  and 
hence  upon  its  temperature.  If  the  temperature  of  ob- 
servation t  be  above  the  adopted  zero  t^,  the  observed 
deflection  will  be  too  small.  This  may  be  rectified  as 
follows  :  Let  m^  denote  the  observed  moment  of  the  mag- 
net, and  let  m  be  its  true  moment  at  the  adopted  zero  of 
temperature ;  then,  if 

^=ir»smwo, 

Induction  Coefficient, — The  axis  of  the  deflecting  magnet 
is  in  this  observation  at  right  angles  to  that  of  the  de- 
flected magnet.  Now  if  the  angle  of  deflection  were  zero, 
the  axis  of  the  deflecting  magnet  would  be  in  a  vertical 
plane  at  right  angles  to  that  which  passes  through  the 
magnetic  meridian,  and  hence  there  would  be  no  inductive 

^  See  Airy's  Magnetism,  Art.  30. 
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effect  upon  this  magnet.  If,  however,  u  be  the  angle  of 
deflection,  the  inductive  effect  upon  the  deflecting  magnet 
will  be 

/aH  sin  w=/iH  I  j^  I  nearly =-^  nearly, 

in  a  direction  tending  to  weaken  the  magnet.  Hence,  in- 
stead of  the  observed  moment  m^,  we  must  substitute 


rriQ 


{>*i} 


in  order  to  obtain  the  true  moment  corrected  for  induction. 

Order  of  Observations  for  a  single  Series. — (1.)  Place  M, 
upon  its  carriage  at  the  distance  of  30  cm.  to  the  east  of 
the  suspended  magnet,  and  with  its  north  end  towards 
the  east  Turn  the  telescope  in  azimuth  until  the  cross- 
wire  is  exactly  or  nearly  exactly  at  the  middle  of  the 
reflected  scale,  clamp  the  circle,  bring  the  magnet  to  rest, 
and  read  the  scale,  verniers,  and  thermometers.  (2.)  Re- 
verse M»  with  its  carriage,  and  place  it  at  the  same 
distance  east  as  before,  but  with  the  north  end  now  to  west. 
Make  the  same  observations  and  adjustments  as  before. 
(3.)  Place  Ml  to  west  of  the  instrument,  at  30  cm.  distance 
from  suspended  magnet.  North  end  to  west.  Read,  etc. 
(4.)  Everything  as  before,  but  north  to  east. 

Method  of  Calculation. — This  will  be  seen  by  a  study  of 
the  following  observation,  made  at  Kew  Observatory : — 

12th  August  1885. — Mean  time  commencing  4  h.  14  m.  p.m.,  end- 
ing 5  h.  30  m.  P.M.  Magnet  deflecting  (62  A) ;  suspended  (62  C) ;  one 
division  of  scale =60 '5  sec. 
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It  will  be  noticed  that  the  order  adopted  in  this  com- 
plete observation  is  such  that  if  we  name  the  above  epochs 
(1),  (2),  (3),  (4),  (5),  (6),  (7),  (8),  and  presume  that  each  occu- 
pies the  same  time  in  its  performance,  then  the  mean  epoch 
of  Uq  is  the  same  as  that  of  u'q.  For  the  former  is  9)+S>  _ 
<i)+(^,  and  the  latter  <^>  -  ^-^>,  the  numerators  being 
thus  the  same. 
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Jteplarutfitnt  of  l/ie  CalcidatioTia, — Airauged  in  parallel  Dolamiu 
the  details  of  the  conectioua  for  the  distances  SO  and  40  cm.     (d_ 
loff  ir*.  and   (d')   is  log  J/".      These  valnes   aro   usually   direct 
takan  from  taWes  giving  the  values  for  difforaiit  tomperBturoB.     ' 
log   /i= -692643    (see   vibration   enample),   hence    1  +  ^  =  1-00037. 
Similarly  ((i')  =  l  +  ^   (b)    and    (6')  =  '000304  x24-l    (aee    vibration 
Biamnlo  ;  (c)  =  {a)  +  (6),  and  {c')-(a')  +  {li') ;  (e)  is  tabular  log  of  sib. 
13'  38'  r,  and  {/)  is  the  same  of  7°  14'  21";  (/)  =  (d)  +  («)-10,  s 
(/')=OT  +  («')-10i  (ff)is  log  W,  and  (3')  is  log  {c') ;  {k)  =  (/)  + 
and(A')  =  (/')  +  (3');  (i)  and  (i"}  are  the  logs  of  1 -^  and  1 -^- 
s  found  by  the  formula,  given  above.     10  ia  added  to  logs  to  preve 


Lesson  LIII. — Observation  of  Declination. 

114.  Apparatus. — The  TiniClar  magnetometer  as  fitted' 
for  vibration  will  be  required,  but  in  place  of  the  magnet 
then  used  we  employ  one  in  other  respects  similar,  except 
that  it  may  easily  be  saspendod  in  a  reversed  position. 
C,  Fig.  142,  shows  the  declination  magnet,  which  may  be 
suspended  either  from  c  or  c'.  This  magnet  has  a  lena, 
and  a  scale  at  the  chief  focus  of  the  lens. 

Method, — (1.)  As  in  the  case  of  the  vibration  magnet, 
we  must  obtain  a  clear  image  of  this  scale  through  the 
The  scale  has  a  zero  hne,  and  the 
la-wire,  and  the  instrument  must  be 
turned  in  azimuth  until  the  zero  line  of  the  scale  coincides^ 
with  the  cross-wire  of  the  telescope.     (2.)  The  horizont 
circle  must  now  be  read.     It  ia  cleax  that  if  the  line 
optical   collimation  of  the   hollow  steel  magnet  wore 
coincide  with  its  magnetic  axis,  then  the  reading 
horizontal  circle  obtained  as  above  would  be  that  whi( 
represented  the  magnetic  meridian.    This,  however,  is  rare! 
the  case,  and  we  must  now  (3.)  suspend  the  magnet  in 
reversed  position,  and  repeat  the  observation.     The 
of  the  two  sets  of  observations  will  denote  the  true  reading 


4 
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of  the  horizontal  circle,  which  corresponds  to  the  magnetic 
meridian.  (4.)  Great  care  must  be  taken  in  this  obser- 
vattou  to  free  the  suspension  thread  from  torsion.  Wo 
may  so  arrange  that  in  the  beginning  of  the  observation 
the  thread  shall  be  without  torsion  when  the  suspended 
plummet  or  magnet  is  in  the  magnetic  meridian.  This  is 
done  by  removing  the  magnet  and  substituting  a  plummet 
with  a.  cross  bar  of  the  same  weight  as  the  magnet,  and 
allowing  the  bar  to  hang  for  some  time  and  assume  a  position 
of  rest.  The  torsion  head  of  the  suspension  tube  should 
now  be  turned  until  the  bar  of  the  plummet  lies  in  the  ajtis 
of  the  telescope.  The  magnet  may  now  be  replaced,  but 
care  must  be  taken  that  torsion  is  not  given  to  the  thread 
during  the  operation.  Nevertheless  we  may  find  at  the 
end  of  the  observation  that  tliere  is  a  sensible  amount  of 
torsion  for  the  position.  Hence  we  adopt  the  following 
plan.  Begin  with  a  zero  of  torsion,  and  having  determined 
the  torsion  at  the  end,  assume  tliat  half  this  represents  the 
mean  value  of  the  torsion  during  the  observation.  (5.) 
We  have  thus,  let  ua  suppose,  found  the  true  reading  of 
the  horizontal  circle  of  our  instrument  which  corresponds 
to  the  magnetic  meridian.  But  this  is  not  enough,  we 
must  have  a  distant  mark  whose  azimuth  viewed  from  the 
instrument  is  known,  and  we  must  find  the  value  of  the 
circle  reading  when  the  telescope  is  pointed  to  this  mark. 
This  will  be  seen  from  the  following  example : — 


Correction  for  torsion       0    0  26 

297    2  2S 

Circle  reading  of  m»rk 

Aiimutliormark         . 
Eeadiog  for  north 

.   318  10  13 
2  18  «E 

315  21  33 

MiignoUcdnclinatiou         .      18  19     SW 
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Lesson  LIY. — Determination  of  Geographical 

Meridian. 

115.  It  thus  appears  that  at  a  fixed  station,  in  order  to 
obtain  the  absolute  magnetic  declination,  we  most  know  the 
azimuth  from  the  station  of  some  sufficiently  distant  mark. 
If  we  are  making  a  magnetic  survey  we  cannot  of  course 
have  such  a  mark,  and  in  this  case  what  we  do  is  to  take 
by  means  of  a  chronometer  the  exact  time  when  the  centre 
of  the  sun's  disc  crosses  the  line  of  collimation  of  the 
telescope,  which  is  reflected  into  the  instrument  by  means 
of  the  transit  mirror,  taking  at  the  same  moment  the 
corresponding  reading  of  the  horizontal  circle. 

By  calculation  we  can  obtain  from  this  the  exact 
azimuth  of  the  vertical  plane  passing  through  the  sun  and 
through  the  instrument,  and  knowing  the  reading  on  the 
horizontal  circle  which  corresponds  to  it^  we  thus  obtain 
the  equivalent  of  a  mark. 

Let  us  suppose  that  we  are  engaged  in  such  a  magnetic 
survey,  and  that,  furnished  with  a  good  chronometer  of 
which  the  error  is  known  and  with  a  declinometer,  we 
have,  in  addition  to  the  purely  magnetic  observation,  to 
find  the  geographical  azimuth  corresponding  to  some  posi- 
tion of  our  telescope.  Our  first  point  is  to  see  that  the 
transit  mirror  is  in  accurate  adjustment.  Three  things 
are  necessary  in  order  that  this  may  be  perfect.  In  the 
first  place  the  axis  of  the  mirror  must  be  horizontal.  This 
adjustment  is  made  by  means  of  a  riding  level.  Again, 
the  normal  to  the  plane  of  the  mirror  must  be  perpen- 
dicular to  the  axis  of  revolution  of  mirror.  There  is  a 
small  screw  at  the  back  of  the  mirror  by  which  its  plane 
may  be  altered  and  this  adjustment  made  in  the  following 
manner :  Take  some  object  at  a  sufficient  elevation  and 
reflect  it  into  the  telescope,  getting  the  object  bisected  by 
the  wire  of  the  telescope.     Then  reverse  the  mirror  in  its 
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bearings,     If  the  object  still  remains  bisected  by  tlie  wire, 
o  correction  is  necessary,  but  if  not,  the  screw  at  the  back 
of  the  mirror  must  be  moved  so  as  to  displace  the  image 
through  a  distance  equal  to  lialf  the  difference  between  the 
two  positions.     This  operation  must  be  repeated  if  neces- 
sary, and  continued  until  the  object  is  in  precisely  the 
ime  position  in  both  observations. 
In  the  third  place  it  is  necessary  that  the  line  of  eolli- 
mation  or  visual  axis  of  the  telescope  must  be  perpen- 
dicular to  the  plane  of  the  mirror  when  this  is  vertical. 

To  secure  this  adjustment  there  is  an  arrangement 
through  which  the  sun's  light  may  be  made  to  illumin- 
ate the  cross-wires  of  the  telescope.  These  iUnminated 
IS  will  bo  reflected  from  the  transit  mirror  when  this 
mirror  is  vertical,  and  the  transit  mirror  must  be  turned 
a  azimuth  until  the  illuminated  wires  and  their  reflections 
coincide.  The  line  of  collimation  will  now  be  perpendicular 
to  the  plane  of  the  mirror,  and  we  must  note  the  readuig 
of  a  small  vernier  which  movea  with  the  mirror,  and  take 
care  that,  when  tho  instrument  is  in  use,  this  vernier  shall 

I  always  have  the  sarae  reading  which  it  had  when  we  were 
making  this  adjustment  for  collimation.  The  transit 
mirror  may  now  be  considered  to  be  in  perfect  adjustment. 
It  is  presumed  that,  by  a  method  similar  to  that 
described  in  the  Appendix  to  our  first  volume,  p.  28i, 
the  centre  of  the  cross-wires  of  tho  telescope  has  previously 
been  made  to  coincide  with  the  optical  axis,  and  that 
when  the  telescope  is  properly  placed  in  jwsition  one  of  its 
cross-wires  is  vertical  while  the  other  is  horizontal  We 
have  thus  a  vertical  cross-wire  passing  through  the  optical 
axis  of  the  telescope.  The  mirror  and  telescope  being 
now  in  perfect  adjustment,  and  the  observer  being  fur- 
nished with  a  good  chronometer,  of  which  the  error  is 
accurately  known,  an  observation  of  tho  sun  may  be  made, 
a  dark  glass  being  used  in  order  to  prevent  the  light  of  the 
sun  from  too  strongly  affecting  the  eye  of  the  observer. 
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The  following  is  an  example  of  such  an  observation  :  — 

3d  May  1886. — Made  an  observation  at  magnetic  house  at  Kew. 
Latitude,  51°  28'  6"  N. ;  longitude,  1  m.  15  sec  W.  Error  of 
chronometer  at  station  on  local  time,  + 1  m.  46  sec. 

The  exact  time  at  which  the  centre  of  the  sun  (mean  of  two  limbs) 
crossed  the  central  wire  was  3  h.  37  m.  23  sec,  as  given  by  the  chro- 
nometer.    Hence 


Time  observed 

Add  equation  of  time  as 
given  by  Nautijeal  Al- 
manac 

h.  m.  8. 
3  37  23 

0    3  17 

Error  of  chronometer  (fast) 

3  40  40 
0     1  46 

3  38  54  =  true  local  apparent  time. 

Now  in  Fig.  146  let  P  represent  the  pole,  Z  the  zenith, 
and  S  the  sun  at  the  moment  of  observation.  ZP  denotes 
a  portion  of  a  great  circle  passing  through  the  pole  and  the 


Fig.  146. 


zenith,  on  a  continuation  of  which  the  sun's  centre  would 
have  been  found  at  apparent  noon.  PS  is  a  great  circle 
passing  through  the  pole  and  the  centre  of  the  sun  at  the 
moment  of  observation.     Hence  the  angle  C  is  denoted  by 
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the  difference  in  time  between  apparent  noon  and  the 
uoment  of  observation,  allowing  16°  for  each  hour,  and  ia 
therefore  =  54"  i3'  30".  Also  the  side  b  =  co-latitude  = 
38°  31'  54",  and  the  side  a  —  north  polar  distance  of  the 
sun  =  74°  13'  50".  But  by  Napier's  formula  for  spherical 
triangles  we  have 


Tan 


A+B 


from  which  it  follows  that  A,  or  azimuth  of  sun  from  north, 
^lOS"  40'  W. 

Again  the  reading  of  the  horizontal  divided  circle  of  the 
instrument  at  the  observation  was  288°  19'  44",  which  is 
therefore  tiie  reading  in  azimuth  of  the  great  circle  ZS 
passing  through  the  zenith  and  through  the  sun  at  the 
moment  of  observation,  and  hence  this  great  circle  differs 
by  108°  40'  11"  from  that  passing  through  the  zenith  and 
through  the  north  pole,  ao  that  108°  40'  IT +  288°  19' 44", 
or  36°  59'  55",  will  denote  the  circle  reading  for  tme 
north. 

Lastly,  a  fixed  and  easily  distinguishable  mark  was 
also  observed,  and  the  reading  of  the  circle  for  this 
mark  was  39°  48'  35".  Hence  the  azimuth  of  this  mark 
was  2°  48'  40"  to  the  east  of  north.  It  is  this  azimuth 
that  we  have  made  use  of  in  the  example  of  the  method 
of  finding  the  absolute  declination  which  has  just  been 
given, 


CHAPTER  VII. 

ELECTRO-MAGNETISM  AND  ELECTRO-MAGNETIC 

INDUCTION. 

Part  I. — Electro-Magnetism. 

116.  In  this  part  the  student  will  have  brought  before 
him  certain  quantitative  relations  between  electricity  and 
magnetism  of  great  practical  importance.  We  shall  first 
consider  the  following  cases  : — 

(1.)  Action  of  a  linear  current  on  a  magnet. 

(2.)  Action  of  a  circular      „ 

(3.)  Action  of  a  helical        „ 


Lesson  LV. — ^Action  of  a  Linear  Current  on  a 
Magnet  (Biot  and  Savart's  law). 

117.  Exercise, — ^To  verify  the  law  that  the  intensity  of 
magnetic  action  of  a  linear  current  of  indefinite  length  on 
the  pole  of  a  magnet  varies  inversely  as  the  perpendicular 
distance  of  the  pole  from  the  straight  wire  which  conveys 
the  current. 

Apparatus, — A  vertical  wire  at  least  three  metres  long 
mounted  on  a  board  is  arranged  so  as  to  form  the  movable 
side  of  a  large  rectangular  circuit  whose  plane  is  nearly  at 
right  angles  to  the  magnetic  meridian.  In  this  circuit  is 
placed  a  battery  provided  with  a  commutator.  An  ordi- 
nary galvanometer  scale  has  a  rod  fixed  horizontally  at 
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right  angles  to  it,  which  rod  supports  at  its  extremity  a 
small  magnetometer  in  (Fig.  Ii7),  consisting  of  a  suspended 
mirror  with  a  magnet   at   its  back  enclosed   in  a  small 


brass  box.  In.  the  figure  I  'm  a.  lens  for  focusing,  and  M  a 
directing  magnet  intended  to  bring  the  magnet  of  m  to 
aero  without  sensibly  affecting  the  field.  A  millimetre 
scale  will  also  be  required. 

Theory. — ^We  shall  ass^tme  that,  other  things  remaining 
the  same,  the  aciion  of  a 
small  portion  of  the  wire 
conveying  a  current  acts 
upoa  a  magneHc  pole  vrith 
a  force  which  varies  directly 
as  the  length  of  the  small 
portion  or  element,  and  in- 
versely as  the  square  of 
its  dista7ice  from  tlie  pole. 
From  this  assumption  wa 
shall  prove,  in  an  elemen- 
tary manner,  that  Biot  and 
Savart's  law  must  directly  Fig.  iis. 

follow. 

Let  M  (Fig.  148)  be  the  magnetic  pole  which  is  acted 
upon  by  a  current  in  the  wire  AB  ut  a  perpendicular  dis- 


A 

C' 

^"^^J 

E'  E  « d~ -> 

<- d'- ». 
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tance  ME  =  d  from  the  pole,  or  by  the  same  current  A'B' 
at  a  different  perpendicular  distance  ME'  =  d'  Draw  two 
lines,  MCC  and  MDD',  cutting  off  from  AB  and  A'B'  two 
very  small  portions  of  current  CD  =  S  and  CD'  =  5'.  Let 
the  forces  exerted  by  8  and  S'  on  M  acting,  the  one  at  the 
distance  CM  or  DM  =p,  and  the  other  at  the  distance  CM 
orD'M=/,  be /and/. 

Then,  by  the  above  assumptions. 


/  •/  — Z5  •  ZJ2^ 


or 


But,  by  geometry. 


hence 


f    d 


that  is  to  say,  the  force  varies  inversely  as  the  simple 
distance.  Now  what  is  true  of  the  elements  5  and  5'  is 
equally  true  of  all  other  elements.  Hence  the  whole 
forces  F  and  F'  exerted  hy  AB  and  A'B'  obey  the  same  law, 
so  that 

We  know  from  our  previous  experiments  that  the  direc- 
tion of  the  force  is  such  as  to  twist  round  the  magnet 
to  which  the  pole  belongs  until  its  axis  shall  be  at  right 
angles  to  the  plane  passing  through  its  centre  and  the 
cuiTent. 

Experimental  Proof, — This  important  conclusion  might 
be  verified  after  the  manner  of  Biot  and  Savart  by  de- 
termining the  time  of  vibration  of  a  magnetic  needle 
placed  at  different  distances  from  the  wire  conveying  the 
current.     It  will,  however,  be  easier  to  use  the  method 
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of  deflGctioii.  i'or  this  purpiiae  let  a  small  magnet,  free  to 
move  horizon taJly,  be  arranged  so  that  the  plane  which 
passes  through  its  centre  and  the  wire  conveying  the  current 
shall  be  that  of  the  magnetic  meridian.  Let  NS  (Fig.  1  iO) 
denote  the  horizontal  line  in  which  the  needle  points,  W 
denoting  the  horizontal  projection  of  the  vertical  wire, 
while  0  is  the  centre  of  the  magnet. 
This  m^net  NS  we  shall  suppose  to  ; 

3  deflected  by  a  current  going  down 
the  wire  untO  it  assumes  the  position 

1  Fig.   149,  making  an  angle  a  with 
the  magnetic  meridian. 

Now,  when  there  is  equilibrium,  we  ] 
shall  have  two  couples  acting  upon  the 
magnet.  In  the  first  place,  there  will 
be  the  couple  consisting  of  the  attrac- 
tion of  the  earth  for  the  north  pole  «, 
in  magnitude  by  nH,  and 
the  equal  and  opposite  repulsion  for 
the  south  pole  s,  represented  by  sH.  In 
the  nest  place,  there  will  be  the  couple 
eonBisting  of  the  forces  exerted  by  tho 
current  on  the  two  poles,  which  forces 

e  represented  in  magnitude  and  direction  by  nF  and  sF. 
Now  when  the  resultant  of  the  forces  at  each  pole  acts 
through  the  axis  of  the  magnet,  they  will  together  con- 
stitute a  cmvple  of  no  moment,  representing  two  equal  and 
opposite  pulls  upon  the  magnet  in  the  direction  of  its  axis, 
and  hence  the  magnet  will  remain  at  rest  in  this  position. 
We  find  that  in  a  position  of  equilibrium,  in  which  the 
J  portion  of  the  force  H  perpendicular  to  the  needle 
,t  balance  that  of  the  force  F,  we  must  have 


Fig.  140, 


,   expression   which   is  independent  of  the  moment  of 
the  magnet,  as  was  the  case  with  the  expression  of  p.  31; 
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hence  F=.Htana. 

If  the  distance  between  the  centre  of  the  magnet  and  the 
current  (OW  =  d)  be  changed  to  d',  then 

F=H  tan  a' 

where  a  is  the  new  deflection.     But  if 

F    d' 

it  follows  that 


r~d' 


tan  a     d* 


tan  a'    d 
or 

d  tan  a.—d'  tan  a'=a  constant  quantity. 

It  thus  appears  that  what  we  have  got  to  do  in  this  experi- 
mental investigation  is  to  move  the  wire  to  different 
distances  from  the  magnet,  and  observe  in  each  position 
the  tangents  of  the  angle  of  deviation,  with  the  view  of  ascer- 
taining if  the  relation  expressed  by  the  last  equation  be 
correct. 

Example, — 


Distance  of  Wire  from 

Tangent  of  Mean 

centre  of  magnet  in 

Deflection 

dtana. 

MiUim^tres  ((Q. 

(tana). 

83 

177 

14,691 

105 

136 

14,176 

146 

99 

14,454 

183 

78 

14,274 

In  which  the  observed  scale  readings  have  been  taken  as 
proportional  to  tan  a.  The  value  of  d  tan  a  is  thus  found 
within  the  limits  of  possible  experimental  error  to  be  a 
constant. 

Lesson  LVI. — ^Action  of  a  Circular  Cmrent  on  a 

Magnet. 

118.  Exercise. — To  prove  experimentally  the  law  relating 
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to  the  action  at  different  distances  of  a  circular  current 
upon  a  magnet. 

ApparaUis. — A  compass  box  monnted  so  as  to  slide  on 
a  graduated  platform  whicii  is  mounted  eentrically  and  at 
right  angles  to  the  plane  of  a  vertical  circle  conveying  the 
current.  That  is  to  aay,  the  compass  hox  slides,  having  its 
centre  in  a  line  which  is  perpendicular  to  the  plane  of  the 
circle,  and  which  passes  through  the  centre  of  the  circle. 

Fig.  150  shows  a  convenient  form  of  the  instrument, 
which  is  really  a  galvanometer  with  a  movable  compass 
box. 
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A  constant  battery  and  a  commutator  will  likewise  be 
required. 

Theory. — Let  AB  A'B'  (Fig.  151)  be  the  circular  wire  of 
radius  a  conveying  a  current  of  strength  C.  Consider  the 
action  of  an  element  ds  of  the  current  upon  a  magnetic 
pole  of  unit  strength  placed  at  M,  which  is  at  a  distance 
X  from  the  centre  of  the  circle.  The  whole  force  df  on 
the  magnetic  pole  due  to  this  element  will  be 

df^^ (1) 

where  r  =  AM.     Now  tliis  force  will  act  in  a  direction  at 
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right  angles  to  the  plane  AMB.  Let  this  force  be  therefore 
represented  by  ME,  the  line  ME  being  a  normal  to  the 
plane  AMB.  Now  resolve  ME  into  two  components,  one 
MF  acting  in  the  line  of  x,  and  another  FE  acting  at  right 
angles  to  x,  and  let  the  force  along  MF  =  df.  Now,  from 
the  similar  triangles  EFM  and  AOM  we  have 


df     a 


(2) 


Hence  from  (I)  df  = 


Cads 

r9  ' 


But  since  for  every  other  ele- 


ment a  similar  expression  will  be  obtained,  we  may  by 


Fig.  161. 


summation  obtain  the  whole  force  F  acting  along  MF,  that 
is  to  say,  in  a  normal  to  the  plane  of  the  current.     In  fine 


F  =  -^  X  27ra  or  F=-— —     • 


.     (3) 


It  is  easily  seen,  moreover,  that  this  expression  represents 
the  total  force,  since  the  various  components  expressed  by 
EF  will  balance  one  another  all  round  the  circle,  thus  EF 
will  be  balanced  by  the  vertical  component  of  A'B'. 

If  for  the  unit  magnetic  pole  we  substitute  a  small  mag- 
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net  of  strength  s,  then  the  polea  wiil  be  respectively  acted 
on  by  two  equal  and  opposite  forcea  Fs,  and  on  the  other 
hand  the  polea  will  likewise  be  respectively  acted  on  by 
a  second  pair  of  two  equal  and  opposite  forces  Hs,  where 
H  is  the  horizontal  component  of  the  earth's  magnetic 
force,  assuming  that  the  plane  of  the  circle  is  in  the  mag- 
netic meridian. 

3ence  we  shall  have,  as  on  p.  318, 


1 


Hence  also,  from  (3), 


,?=H  tt 


W 


(6) 


Nble. — (If  there  were  n  circular  currents  so  near  each 
other  that  the  distance  of  each  one  from  the  magnet  might 

egarded  as  identical,  then  the  expression  in  the  left-hand 
member  of  (5)  must  be  multiplied  by  ».  In  this  case  a 
would  signify  the  mean  radius  of  the  coils.) 

We  may  write  (5)  thus, 


(«'- 


SS= 


(6) 


where  K  is  some  constant,  as  long  as  C  and  H  s 
This  form  will  be  most  convenient  for  use  in  the  experi- 
ment about  to  be  described. 

Ix^erimtfital  Proof. — Place  the  circular  coil  in  the  mag- 
netic meridian,  and  connect  it  with  a  constant  battery  pro- 
vided with  a  commutator.  Next  take  deflections  at 
different  distances  of  the  compass  box  from  the  coil.  Head 
botli  ends  of  the  needle  and  reverse  the  commutator  at 
each  position.  Measure  the  radius  of  the  coil  with  callipers. 
Finally  compare  the  tangents  of  the  mean  deflections  with 
values  derived  from  calculation,  as  shown  in  the  following 
example : — 

Example. — (t  =  37.')  inches. 

VOL.  II.  y 
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(1) 

(2.) 

(3.) 

(4.) 

(5.) 

(6.) 

Distance  from 

Adopted 

centre  of  com- 
pass needle  to 
centre  of  coil 

OTX. 

Mean  de- 
flection. 

Tangent  of 
deflection. 

Value  of 

3-^4 

value  of 
K     "^     1 

0 

40° 

-8391 

•2667 

3^147 

•8391 

1 

37 

•7536 

•2406 

3^132 

•7570 

1-5 

34 

•6745 

•2135 

3^160 

•6716 

2 

3075 

•5949 

•1832 

3-247 

•5766 

2-5 

26-75 

•5040 

•1536 

3-281 

•4834 

3 

22-25 

-4091 

•1270 

3-221 

•3995 

3-5 

18-5 

•3346 

-1042 

3^210 

•3278 

4 

15-375 

•2750 

•08532 

3^222 

•2685 

4-5 

12-75 

-2263 

•06996 

3^234 

•2192 

5 

10-5 

•1853 

•05760 

3^218 

•1812 

5-5 

8-875 

•1561 

•04767 

3^275 

-    -1500 

6 

7-5 

1317 

•03970 

3^242 

•1249 

On  dividing  the  numbers  in  the  third  column  by  the 
numbers  in  the  fourth  the  quotient  should  be  constant, 
as  we  see  it  is  from  (5),  at  least  within  the  errors  of 
observation.  In  experiments  of  this  kind,  where  the  degree 
of  accuracy  is  not  high,  the  law  is  best  tested  by  the  use  of 
the  graphical  method — that  is,  by  plotting  two  curves  and 
comparing  their  form.  The  continuous  line  of  Fig.  152 
shows  the  result  of  taking  the  numbers  in  the  first  column 
as  abscissae  and  those  in  the  third  column  as  ordinates, 
thereby  giving  a  curve  showing  the  relation  obtained  by 
experiment.  In  order  to  make  a  curve  showing  the 
theoretical  relation  comparable  with  that  due  to  experi- 
ment, some  value  must  be  given  to  K  which  will  bring  the 
numbers  in  the  fourth  column  near  those  in  the  third 
column.  If  we  wished  the  two  curves  to  fall  upon  each 
other,  the  best  value  to  give  to  K  would  be  the  mean  of 
the  constants  in  the  fifth  column.  We  have  selected  the 
value  3*1467,  which  will  enable  us  to  distinguish  without 
confusion  the  two  curves,  the  theoretical  one  being  a  dotted 
line.     On  multiplying  the  numbers  of  the  fourth  column 


rFii.]  KLECTRO-MAGNETISM.  323 

by  3-14Cr  the  numbers  of  the  sixth  column  are  obtained. 


1 

1 

1 

1 

^^H 

^^^^^^^BS&sssj^^aHi 

^^^^^F"""^^^ 

^^^^^^a 

^^^^^^^^■^^^B 

whicii  give  the  rer|uire(I  onii nates  of  the  theoretic nl  c 
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It  will  be  noticed  that  the  two  curves  are  very  like 
each  other,  thereby  giving  us  reason  to  conclude  that  the 
theoretical  formula  is  right. 

The  most  useful  case  of  (3)  is  when  a;  =  0,  then  from 
(3)  and  the  note  to  (5)  we  obtain 

lengtn  o  wire  ^  n^un^jer  of  turns  x  strength  of  current 
2iranC         in  a  turn  ° 


F=: 


a^ 


square  of  radius 

We  shall  now  proceed  to  verify  this  formula  independ- 
ently by  the  zero  methods  of  Poynting  and  Thury.^ 


Lesson  LVII. — Proof  of  Mectro-nuignetio  Laws. 
119.  Apparatus,- — On   a  vertical   board  are   arranged 


e 


Fig.  153.— PoYNTiKO  Apparatus. 


three  equal  circles  of  wire  (Fig.  153),  (1),  (2),  and  (3),  and 

^  Poynting,  Pro.  of  Manchester  Lit.  and  Phil.  Society,  vol.  xviil  p. 
86  ;  Thury,  Mousson*8  Physik,  p.  682. 
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at  a  distance  from  the  centre  equal  to  twice  that  of  these 
circles  there  are  iikewiae  arranged  three  other  circles,  (4), 
(5),  and  (6),  concentric  with  the  former.  All  these  circles 
are  formed  of  the  same  wire  with  the  exception  of  (4), 
which  has  a  cross-section  equal  to  four  times  that  of  the 
others ;  (5)  and  (6)  are  in  the  same  circuit.  The  ends  of 
the  circles  are  provided  with  mercury  cups  arranged  bo 
that  hy  means  of  copper  rods  of  appropriate  length  the 
connections  to  be  described  below  may  be  conveniently 
made.     The  respective  terminals  are  as  follows  . — 


Coil  (I) 
„  (2) 
.,  (3) 
■'   {9. 


TuiTninftls  A  and  B. 


(fi)ancHti)  ,,         GandH. 

At  the  centre  of  these  circles  there  is  a  small  magnetic 
needle  suitably  pivoted.     A  battery  and  key  will  be  re- 
quired.    Having  placed  the  plane  of  the  coils  in  the  mag- 
netic meridian,  the  following  experiments  may  be  made : — 
Experim&iU — (1.)    To  prove  that  If   the  aineni  is  re- 
versed Ike  force  is  reversed. — Let  the  current  enter 
at  A,  join  B  and  D,  and  let  the  current  leave  at 
C.      The  current  must  therefore  go  round  (1)  in 
one  direction  and  round  (2)  in  the  opposite  direc- 
tion.    Hence  the  needle  should  be  unaffected. 
(2.)  To  prove  that  The  force  is  proporlioTial  to  the  strength 
of  the  mrreni  and  to  Hie  length  of  circuit. — Let  the 
current  enter  at  A,  eounect  A  with  C,  B  with  D, 
and  D  with  E,  and  let  the  current  leave  at  P- 
By  means  of  this  arrangement  two  half-currents 
go  round  by  (1)  and  (2)  in  one  direction,  and  the 
whole    current   returns    by    (3)    in  the  opposite 
direction.       Now   if   the  effect  of  a  current    of 
half-strength  passing  twice  round  in  one   direc- 
tion   is   equal    to   a   unit   current    passing    onca 
round  in  the  opposite  direction,  there  shouM  be 
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uo  deflection  of  the  needla  This  will  bo  foundfl 
to  be  tho  case,  and  hence  the  force  is  proporliondl  J 
to  the  strength  of  the  current  and  to  the  lenglji  I 
of  circnit. 

(3.)  To  prove  that  The  fortt  U  imersely  proportional  io  I 
ike  siptare  of  Uie  distance. — Let  the  current  enter  1 
at  A,  join  B  with  H,  and  let  the  cnrrent  leavQ  I 
at  G.  Now  coils  {]),  (5),  and  (6)  are  placed  i 
aeries,  ao  that  the  same  current,  say  of  strength  I 
C,  passes  in  one  direction  round  (5)  and  (6),  aad'l 
in  the  opposite  direction  round  (1).  We  haT&g 
thus  for  coil  (1)  k  =  1,  n  =  1,  hence 

also  for  (5)  and  (6)  a  =  2,  n-  2,  hence 


in  other  worda,  the  forces  arc  equal,  and  beingj 
opposite  the  needle  should  remain  uuafi'ected. 

The    apparatus    is   also    adapted    to  prove  two  otherfl 
laws  relating  to  resistance. 

(1.)  The  resistance  is  proportional  to  the  length  of  Ihe  cir-  J 
aiU.—hBt  the  current  enter  at  A,  join  B  and  C,  " 
D  and  F,  A  and  E,  and  let  the  current  leave  at  P,  I 
Here  the  current  sphts  between  (1)  and  (3)  ((2)  1 
being  in  series  with  (1)),  and  goes  round  (3)  ii 
opposite  direction  to  that  in  which  it  circulates- 1 
in  (1)  and  (2).      Hence  if  doubling  the  length 
doubles    the    resietance,    the    current    should    ho 
halved,  and  hence  the  effect  of  the  two  turns  of 
(1)  and  (2)  should  be  equal  and  opposite  to  that 
of  the  one  turn  of  (3),  which  will  be  found  to  be 
the  casa 

(2.)  The  resistance   is  inverseli/  proportional  to    ilie  c 
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seeiwn Introduce  tke  current  at  A,  connect  A 

and  L,  B  and  0,  D  and  K,  and  let  the  current 
leave  at  K. 
Here  we  have  two  ctrGuita  connecting  A  with  K. 
The  first  of  these  consists  of  the  two  coils  (1)  and 
(2)  in  eeries,  and  the  second  of  a  coil  (4)  of  the  eame 
length  as  (1)  and  (2)  together,  but  at  a  double  distance 
from  the  needle  and  of  quadmple  crosa-section — going 
round  likewise  in  a  direction  the  opposite  to  that  of  (1) 
and  (2).  Now  the  coil  (4)  being  at  a  double  distance, 
must,  in  order  to  make  up  for  tiiis  increased  distance, 
have  a  current  four  times  as  strong  as  that  of  (1)  and  (2) 
if  it  is  to  balance  these  latter  coils,  and  produce  no  deflec- 
tion on  the  needle.  But  we  find  that  this  is  the  case,  and 
hence  it  follows  that  the  effect  of  increasing  the  cross- 
section  four  times  Is  to  diminish  the  resistance  and  increase 
the  current  four  times ;  in  other  words,  the  resistance  varies 
inversely  as  the  cross-section. 

120.  Solenoid. — Let  us  now  study  experimentally  the 
simplest  kind  of  solenoid,  consisting  of  n  series  of  circular 
currents  lying  with  their  planea  parallel  to  each  other,  their 
centres  being  in  the  same  straight  line  perpendicular  to 
these  planes.  It  is  not  possible  to  arrange  such  a  series, 
but  a  helix  so  nearly  imitates  the  conditions  that  it  may 
bo  taken  to  represent  the  same  thing.  The  action  of  the 
connecting  portions  may  ho  neutralised  by  running  the 
current  back  through  a  horizontal  wire  parallel  to  the  axis 
of  the  helix  so  as  to  oppose  the  currents  in  those  con- 
necting portions.  Such  an  arrangement  constitutes  an 
Experimental  Solenoid. 


Lesson  LVIII. — Magnetic  Action  of  a  Solenoid. 

121.  A'i>paraius. — The  magnetometer  and  scale  of  Lesson 
LV,      This  magnetometer  is   sufficiently   small   to   pass 
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iDside  a  helix  of  diameter  37  mm.  and  length  542  mm. 
wound  on  a  brass  tube.     The  belix  consists  of  a  single  ' 
layer  of  No.    20  B.  W.  G.   covered  wire  well  steeped  inj 
paraffin,  eo  as  to  keep  the  coila  together.      The  helix  is| 
mounted  on  a  woodun  slide  provided  with  a  scale  (se 
Fig.  154).     A  constant  battery  and  key  will  likewise  1 
required. 


Tlteonj. — Let  QD  =  «  (Fig.  1 55)  be  tlie  radius  of  the  helix, 
and  let  B  be  the  point  at  which  a  unit  magnetic  jiole  is 
placed.     Here  the  axis  of  the  helix  is  supposed  to  be  in  the,  , 


plane  of  the  paper,  and  its  circular  cross-section  to  be  per- 
pendicular to  the  plane  of  the  paper.  Also  lot  ABD  -  &, 
then  clearly  the  angles  made  with  the  axis  Dfi  by  linos 
drawn  to  B  from  any  point  in  the  circumference  of  1 
cal  circle  which  passes  through  A  will  all  be  =  0. 
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manner  let  A'BA  =  SOy  and  let  C  denote  the  whole  current 
which  flows  round  a  slice  of  the  helix  of  breadth  =  unity. 
This  current  may  embrace  a  greater  or  smaller  number  of 
turnings,  according  to  circumstances.  Draw  A'C  perpen- 
dicular to  ACB.  Now  A'C  =  A'BS^  =  AB80  when  ^  is 
very  small;  and  since  the  triangle  AA'C  is  similar  to 
ABD',  we  have 

Hence  aA'=(MIV 

a 

Let  F  denote  the  force  upon  the  pole  of  that  element 
of  the  helix  embraced  between  A  and  A'  all  round.  This 
will  be  (see  p.  320) — 

^^2.C-a»xiU-^2^AB)gg^  2.CT.  x  ^=2^'  sin  666. 

If  we  integrate  between  the  limits  ^  =  QBD  and  if' 
=  PBD,  we  have 

F  =  2irC'(cos^-cos^')- 

If  I  be  the  length  of  the  helix,  and  n  be  the  number  of 
turns  of  the  wire  which  conveys  the  current  C,  then 

^     nC 

F= — J — (cos  ^- cos  ^')  .         .        .        -     (1) 

If  the  unit  pole  be  placed  inside  the  helix,  (1)  becomes 

F=?^(cos^+cosf)  ....    (2) 

and  when,  under  these  circumstances,  the  length  of  the 
solenoid  is  great  in  comparison  with  its  diameter,  cos  t//  and 
cos  x//'  become  unity,  and  then 

F=*^ (3) 

which  is  a  constant  quantity. 
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ExpenmevUal  Proof. — The  tangent  of  the  angle  of  de- 
flection of  a  small  magnefcic  needle  placed  at  m  (Fig.  154) 
will  be  proportional  to  the  magnetic  strength  at  that  point. 
But  the  divisions  of  the  magnetometer  scale  may  be  taken 
to  be  proportional  to  such  tangents,  and  hence  all  that  it 
is  necessary  to  do  is  to  take  the  deflection  at  various  dis- 
tances from  the  helix.  The  base  supporting  the  helix 
should  be  clamped  down  to  the  slab  on  which  the  magnet- 
ometer stands,  so  that  the  helix  can  only  move  in  the 
direction  of  its  axis. 

Let  BD  (Fig.  155),  the  distance  of  the  farthest  end 
of  the  helix  from  centre  of  needle,  =  d^ ;  let  BE,  the  dis- 
tance of  the  nearest  end  of  the  helix  from  centre  of  needle, 
=  d^t  so  that  di  =  d2  +  L 

Then  from  (1)  and  (2)  we  may  derive  the  following, 

K  (constant)  =(    ,^       ±    ,  "^^      )l: 

where  D  is  the  deflection. 

Example, — I  =  540  mm.,  a  =  24:  nmi. 

A, 


17,-^i.     Distance  between  Magnet 
^'^P^*     and  nearest  end  of  Helix. 


1 
2 
3 
4 


0 
10 
20 
30 


Mean 
Deflection. 

188-5 
119 

68-5 

39-5 


Difference  for 
10  mm. 

69-5 
50-6 
29 


K. 

•00616 
•00524 
•00553 


B,  With  a  different  current. 


Expt. 

1 
2 
3 
4 
5 
6 


Distance  between  Magnet  Mean 

and  nearest  end  of  Helix.  Deflection. 

100  226 

120  153-6 

140  112 

160  84 

180  67 

200  53 


Difference  for 
20  mm. 

72-5 

41-5 

28 

17 

14 


•000119 
•000122 
•000122 
•000125 
•000122 
•000126 
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C.    With  a  different  curretU — Miigticl  inmde  the  UclU. 


>Gflvctliin. 

10  mm. 

k. 

137'S 
181 

43-5 

■0078  f 

207 
221 

14 

■00792 
■00805 

The  calculation  of  K  is  facilitated  by  (1)  finding,  from 
tablea,  the  angle  whose  tangent  is  ^,  and  {3)  obtaining  the 
cosine  of  the  angle  fouiiJ. 

122.  The  EledTO-magiiet. — The  introduction  ot  an  iron 
core  within  a  helix  increases  very  greatly  the  magnetic 
stiengtL  This  combination  constitutes  an  electro-magnet. 
Here  a  quantity  of  magnetism  wdl  be  separated  across  any 
section  of  the  core  equal  to  etrength  of  the  field  within 
the  helix  x  area  of  cross-section  of  the  core  x  the  coeffici- 
ent of  magnetic  indwtion. 

In  order  to  discuss  the  theory  of  the  oleetro-magnet  it 
is  desirable  that  we  should  now  proceed  to  give  to  the 
action  of  the  helix,  already  discussed,  a  magnetic  interpre- 
tation. That  is  to  say,  we  must  find  whether  we  cannot 
regard  the  helix  as  equivalent  to  a  magnet,  in  which  case 
we  shall  be  enabled  to  express  the  joint  action  of  the  helix 
and  of  the  iron  core  by  a.  simple  method  of  addition. 

To  do  this  let  us  begin  by  referring  to  Lesson  LVL, 
in  which  we  investigated  the  action  of  a  circular  current 
upon  a  magnetic  pole  of  unit  strength  placed  at  a  distance 
X  from  the  centre  of  the  circular  current  along  the  axis,  a 
denoting  the  radius  of  the  circle  and  0  the  strength  of  the 
current.     AVe  then  obtained  the  following  expression, 


]■=■ 


2ira'0 


If   the  distance  x  be   very  great  with  respect  to   the 
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radius  of  tlie  ciicle,  this  exjiressiou  will  become  approxi- 
mately 

„_2xa>C 


Suppose  now  that  we  replace  this  circular  current  byl 
a  magnet  at  the  centre  of  the  circle,  the  strength  of  whosQv 
pole  is  S  and  whose  length  is  dx,  the  magnetic  axis  lying's 
in  the  line  ^,  and  the  poles  being  so  placed  that  the  magnet  W 
exercises  the  same  sort  of  force  upon  the  unit  pole  as  the  1 
current  does,  that  is  to  say,  both  are  attractiye  or  both 
are  repulsive.     It  is  clear  that  the  moment  of  this  magnet 
will  be  Sdx.     Mow  (assuming  that  the  action  is  attractive) 
we  shall  have  the  nearer  pole  of  tlie  magnet  attracting  the 
unit  pole  with  a  force  ^  or  Sx~*,  while  the  further  pole 
will  repel  the  same  irith  a  force  .j^f^a  =  S  {x-*  -  2x-'dx] 
nearly. 

On  the  whole,   therefore,  there  will  be  an  exces 
attraction  represented  by  HHx'^b:.     K  this  is  to  be  equiva-fl 
lent  to  the  action  of  the  current  or  F  we  must  have 


that  is  to  say,  llie  moment  of  Ihe  magnet  musl  be  ^ual  taW 
the    area    of   tlie    circuit   mullij>lied   ly  the   drength    of    (heM 
current.     Again  the  magnet  must  be  so  placed  that  look-  T 
ing  at  it  from  the  south  seeking  pole,  from  which  point  the 
molecular    currents    of  the  magnet  may  be  re^rded  as 
positive  currents  circulating  in  the  direction  of  tlie  hands 
of  a  watch,  the  direction  shall  coincide  with  that  of  th«  ■ 
current  in  tlie  circuit.     Instead  of  a  single  magnet  we  may  | 
have  a  bundle  of  similarly  placed  small  magnets  of  united  I 
moment  =  irnHj  filling  up  the  area  of  the  circle,  all  their-l 
south  poles  lying  on  one  surface  and  all  their  north  polesi 
on  another  parallel  to  the  former  and  contiguous  to  it,  | 


".] 
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These  layers  would  constitute  tho  etpiimleiii  vKifpielk  slu-ll 
of  tlie  circuit. 

What  we  have  proved  applies  to  a  very  small  circular 
current,  but  it  will  ho  seen  from  Fig.  156  that  we  may  im- 
agine a  large  circular  current 
to  bo  composed  of  an  infinite 
number  of  very  small  circular 
cmrentH,  such  as  abed,  of  the 
same  strength  as  the  large 
one,  all  having  the  same  sort 
of  rotation,  and  hence  placed 
BO  that  the  adjacent  element- 
ary currents  being  in  opposite 
directions  cancel  each  other. 
The  only  effective  portion  of  this  group  of  circular  currents 
will  therefore  be  the  main  current  in  the  external  circle. 

Now  each  of  these  small  hypothetical  component  circles 
may  be  replaced  by  means  of  an  extension  of  the  above 
demonstration  (inasmuch  as  obliquity  and  distance  act  in 
tlje  same  way  both  on  currents  and  magnets)  by  its  equiva- 
lent small  magnetic  shell,  and  hence  the  main  large  circular 
current  may  be  replaced  by  its  large  magnetic  shell. 

Let  us  now  apply  this  mode  of  viewing  things  to  the 
demonstration  of  Lesson  LVIIL,  where  wo  found 


Here  for  AA'  we  may  substitute  d.T,  and  if  C  denote  the 
current  for  breadth  unity,  the  current  for  breadth  dx  will 
evidently  be  G'dx.  Hence  substituting  a  magnetic  shell  for 
the  current  we  shall  have  mi^C'dx  ~  Sdx.     Hence 

S  DL' tliD  strength,  of  the  mBgnotic  pole  — Tii'C    ,  (1) 

Now  if  we  make  the  same  substitulJon  throughout  every 
little  distance  dx  we  shall  obtain  a  vast  number  of  magnetic 
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sheila  joined  in  line,  whicli  represent  the  solenoid.  But 
if  we  regard  any  interior  shell  we  shall  see  that  the  south. 
pole  of  one  shell  cancels  the  north  pole  of  the  one  next  it, 
so  that  the  only  oncompen&ated  portions  are  the  external 
members,  t^.  the  first  and  the  last  of  the  series  But  this  is 
only  another  way  of  expressing  the  fact  that  the  solenoid 
is  represented  magneti^ly  by  a  magnet,  the  strength  of 
whose  pole  is  S,  the  distance  between  its  poles  being  equal 
to  the  length  of  the  solenoid.  Now,  referring  once  more 
to  Lesson  LVIIL,  we  find  C  =  -j-  Making  this  substitu- 
tion in  (1)  we  obtain 

5  _  irnhiC  _  AtiC 


where  A  denotes  the  area  of  the  circuit,  n  the  number  ( 
turns  of  the  current  of  strength  C,  and  /  the  total  length  o{ 
the  solenoid. 

This  expression  therefore  forma  a  magnetic  representA-l 
tion  of  the  solenoid.  With  regard  to  the  strength  of  thai 
magnetic  pole  of  the  core  this  will  be  denoted  by  th9^ 
magnetism  separated,  that  is  to  say,  by  the  strength  of  ' 
the  field  within  the  helix  multiplied  by  the  cross-section  of 
the  core  and  by  the  coefBcieut  of  magnetic  induction.  Now 
the  strength  of  the  field  within  the  core  is  {(3)  p.  329) 

F=*-^ (S>f 


1 

nt^H 
th.^^H 

al  ■ 


and  hence  the  magnetism  separated  will  be  denoted  byl 
Fak,  a  being  the  area  of  the  cross-section,  and  i  the  c*.  | 
efficient  of  magnetic  induction. 

The  quantity  Fak  will  likewise  therefore  denote  thsil 
strength  of  the  magnetic  pole  of  the  core. 

Hence  taking  helix  and  core  together,  the  magnelJcJ 
strength  of  the  joint  pole  will  be 
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and  the  magnetic  mojneot  will  be 

!(C{A  +  iirat) (5) 

This  theoretical  formula  requirea  modification  in  prac- 
tice on  account  of  the  action  of  the  magnetic  induction  on 
one  another  of  neighbouiing  portions  of  the  iron  core. 
The  trae  law  is  much  more  complicated.  Several  empirical 
formulae  have  been  devised  for  expressing  this  law  more 
accurately  ;  the  one  that  is  now  most  in  favour  being  that 
due  to  rrijlich,'  namely, 

C 
o  +  iC' 

■where  ra  ia  the  magnetic  moment  and  a  and  b  two  con- 
stants, b  being  the  reciprocal  of  the  maximum  value  of  m. 
We  shall  now  proceed  to  investigate  the  laws  of  the 
electro-magnet  experimentally. 


Lesson  LIX. — Laws  of  the  Electro-magnet. 


123.  Appamtits. — Two  electro-magnets  of  ei^iial  size  will 
be  required,    each  wound  with 
the  same  kind  of  wire.     Each 
should   have    twelve    separate 
layers  connected  with  binding 
screws,  so  that  any  one  c 
number   of   these    layers   may, 
if  desirable,  be  used  (see  Fig. 
157).     The  electro-magnets  a 
provided  with  cores  consisting 
of   a  bundle  of  wires   of  soft 
iron.       The    coils    are    of   the 
same  construction  as  those  described  in  Part  II.  of  this 

'  9oB  Dr.  S.  V.  Thompaon  on  the  "  low  of  tho  Electro -mftgnet  and 
tlie  Ibm  of  tbo  DTnamo,"  Pkil.  Mag.,  Jnnoary  and  Soptumlier  1S86, 
B.lgo  the  infereDcea  there  ^ven. 
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chapter.  For  measuring  tlie  moment  of  the  m^net  a 
magnetometer  will  be  necessary,  while  for  measuring  the 
current  a  tangent  galvanometer  may  be  used.  It  will  1 
necessary  to  vary  the  strength  of  the  current,  for  which 
piirpoae  a  box  of  resistances,  containing  5,  2,  2,  !,  '6,  "2, 
■2,  and  "1  ohma  made  of  thick  wire,  will  be  the  best.  A 
constant  battery,  consisting  of  two  or  three  Grove's  cells, 
had  better  be  employed  for  magnetising. 

Method. — Behind  the  magnetometer  M  (Fig.  158}  fix  in  a 
rigid  position  the  electro-magnet  %^,  with  its  axis  horizontal  ■ 


rig.  158.— ApPAiiai 
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and  at  right  angles  to  the  suspended  needle.  The  axis  of '] 
the  magnet  should  pass  through  the  centre  of  suspension  of 
the  needle.  Some  distance  away  from  E^  place  the  other 
similar  electro -magnet  E,,  with  its  core  removed.  The 
two  electro -magnets  shouU  be  in  series  with  the  tan- 
gent galvanometer  G,  the  battery  {provided  with  a  com- 
mutator), and  the  resistance  coils  !B.  The  galvanometer 
should  be  sufficiently  tar  away  from  the  rest  of  the 
apparatus  to  prevent  the  possibility  of  indirect  action  t 
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In  tlte  first  place,  let  us  prove  that  tlie  magnetic  moment 
■ies  directly  as  the  number  of  turns  on  the  electro- 
magnet, the  resistance  of  the  circuit  remaining  unchanged. 
In  order  to  fulfil  this  latter  condition  we  must  eo  arrange 
the  connections  that  for  every  addition  to  the  circuit  of 
a  coil  of  Ej  ft  similar  coil  of  E„  shall  be  removed  from 
the  circuit.  Now  if  our  proposition  be  true  we  should 
find  that  on  dividing  the  magnetometer  reading  by  the 
number  of  coils  iu  circuit  the  result  should  be  a  constant 
quantity,  provided  that  k  may  bo  regarded  aa  constant. 

Example.  (A  galvanometer  in  circuit  showed  the  cur- 
rent to  be  uniform) — 

ji  =  numbflr  of  turns,  II  10  9  8  7  «  E 
m  =  mean  deflection,  314  311  279  24S  209  175  110 
'|  =  ConaUot,  31'2    SI'l    31-0    306   29-9    29'3    28 

The  gradual  decrease  of  the  constant  is  due  to  alteration 
of  A. 

Secondli/.  Let  ua  attempt  to  verify  Frolich'a  formula. 
Here  it  will  not  be  required  to  make  use  of  B^,  but  a  fixed 
number  of  turns  of  Ej  having  been  placed  in  circuit  the 
current  must  be  varied  by  inserting  resistances,  and  the 
readings  of  both  G  and  M  taken.  The  tangents  of  the 
deflections  of  G  will  denote  the  current  strength,  and  the 
deflections  of  M  will  be  proportional  to  the  magnetic 
moments  of  E^.  From  these  values  the  constants  of 
Frolicb's  formula  should  be  obtained,  and  we  may  then  see 
how  the  formula  agrees  with  the  observations.  For  con- 
venience sake  the  formula  may  be  written  thus — 


][is  form  is  used  in  the  next  example. 
Example. — 
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tion 
=d. 

• 

II 

Deflection 
of  M=m. 

• 
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1 

|oig 
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6 

1 

56-5 

1-5108 

487 

10-1793 

2-6875 

7-4918 

•00310 

•00237 

2 

50-1 

1-196 

404 

10-0778 

2-6064 

7-4714 

00296 

-00286 

3 

44-5 

-9827 

295 

9-9924 

2*4698 

7-5226 

-00333 

-00318 

4 

34-7 

■6924 

190 

9-8403 

2-2788 

7-5615 

-00364 

-00364 

5 

30-2 

•682 

152 

9-7649 

2-1818 

7-5831 

-00383 

-00382 

6 

26 

-4877 

123 

9-6881 

1-0899 

7  5982 

-00396 

-00396 

7 

21 

•3839 

87 

9-5842 

1-9395 

7-6447 

-00441 

-00413 

8 

17 

•3057 

71 

9-4853 

1-8513 

7-6340 

-00431 

-00425 

Here  a  and  b  are  calculated  from  experiments  4  and  6, 
a=.  +  -00472,  6=  -  -00156.  This  example  shows  us  that 
Frolich's  law  is  only  approximately  fulfilled. 

124.  Study  of  the  Electro-magnetic  behaviour  of  Iron. — An 
arrangement  of  apparatus  similar  to  that  now  described 
may  be  employed  for  studying  the  law  of  variation  of  the 
magnetic  moment  of  the  iron  core  produced  by  change  of 
the  magnetising  current.  The  helix  Ej  used  for  magnetis- 
ing should  be  longer  than  the  iron  placed  within  it,  its 
length  being  so  great  in  comparison  to  that  of  the  latter 
that  the  region  where  the  iron  is  placed  may  be  regarded 
as  a  field  of  uniform  force.  The  experiment  will  consist 
of  two  parts :  (1.)  With  no  iron  inside  Ej  the  deflection 
resulting  from  currents  of  different  intensity  is  observed. 
These  deflections  will  result  from  the  magnetic  effect  of 
the  coil  alone.  (2.)  The  iron  is  now  placed  inside  E^  and 
a  second  set  of  observations  taken  with  the  same  series  of 
currents  previously  used.  This  will  give  core  and  coU,  and 
the  difference  between  the  readings  now  and  those  with 
the  coil  alone  may  be  taken  to  represent  the  effect  due  to 
the  core  alone,  A  curve  should  now  be  plotted  with  the 
deflections  produced  by  the  core  alone  as  ordinates,  and 
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r  those  by  the  coil  aime  as  abscissEe.  The  latter  give  the 
curreata  and  the  former  the  magnetic  moments  produced 
by  the  currents.  In  experiments  of  this  nature  the 
student  will  find  that  when  the  current  is  broken,  the  iron 
being  within  the  coil,  the  needle  does  not  return  to  its 
position  of  rest.  This  is  due  to  residual  mag?ietism.  It  will 
be  intereating  to  plot  curves  showing  how  the  amount  of  the 
residual  magnetism  is  connected  with  strength  of  current 
The  difference  between  the  total  and  the  residnal  magnetism 

»is  the  temporary  magneltsm,  and  a  curve  should  likewise  be 
plotted  showing  how  it  variea  with  the  current.^ 
125.  Intensity  of  Magneiisation. — If  we  divide  the  moment 
of  a  magnet  by  its  volume  we  obtain  the  intensity  of 
magnetieatioii  per  unit  volume,  or  if  the  moment 
be  divided  by  the  mass  we  obtain  the  intensity  of 
magnetisation  per  unit  mase.  Tiie  units  should  be 
in  the  C.  G.  S.  system.  To  determine  the 
moment  M,  the  formula  for  the  A  position  of  Gauss  (see 
p.  31)  must  be  used,  namely, 


M  =  H'- 


M 


(1) 


where  H  ia  the  horizontal  intensity  of  the  earth's  magnet- 
ism at  the  place  of  the  magnetometer,  while 

^Jiatauc^e  from  tho  eeutm  of  tUe  uiagnet  to  that  of  tho  magnet- 


Tan  a  must  be  obtained  from  the  scale  reading  S.     Now 


'  These  curves  should  be  compamd  with  the  theoretical  oae» 
deduced  by  Weber  and  Cleric  Maxwell  (see  Maxwell's  SteUridly  and 
Magnetism,  vol.  ii.  chap,  vi.) 
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(see  Vol.  I.  p.  55),  where  L  is  the  distance  of  the   mag- 
netometer needle  from  the  scale.     But  for  small  angles 

tan  a  =  i  tan  2a, 

hence 

tantt=-^. 
2L 

126.  FaltLC  of  Magnetising  Force, — To  find  the  intensity 
of  the  field  inside  the  helix,  we  use  the  equation  (3),  p.  334, 

F=*^ (2) 

The  value  of  0  must  be  obtained  in  C.  G.  S.  units.  When 
curves  are  plotted  as  suggested  in  Art.  124,  the  moments 
and  magnetising  forces  should  be  expressed  in  0.  G.  S. 
units  by  means  of  the  above  formulae  (1)  and  (2).^ 

127.  Lifting  Power  of  Electro-magnets. — In  many  cases 
it  is  not  so  much  the  moment  of  a  magnet  that  we  desire 
to  know  as  its  lifting  power.  To  determine  this  it  will  be 
necessary  to  have  some  kind  of  balance  adapted  for  mea- 
suring the  maximum  weight  which  the  magnet  is  capable 
of  supporting.  The  balance  must  be  arranged  so  that  its 
load  may  gradually  be  increased. 

In  Fig.  159  a  spring  balance  S  adapted  to  this  purpose 
is  exhibited.  The  wheel  c  is  mounted  so  that  when  it  is 
turned  the  cord,  passing  over  the  pulleys  a  and  b,  is  wound 
upon  it,  thus  causing  the  armature  A  that  is  fastened  to  the 
bottom  of  the  spring  S  to  be  detached  from  the  electro- 
magnet E  when  the  force  becomes  sufficient.  The  reading 
of  the  index  at  the  moment  of  separation  from  the  balance 
is  taken.  An  india-rubber  cork  r  is  fixed  to  an  arm  on  the 
stand  in  order  to  receive  and  lessen  the  shock  of  the  recoil 
caused  by  the  separation. 

^  For  an  example,  see  J.  W.  Gemmell  on  the  *' Magnetisation  of 
Steel,  Cast-iron,  and  Soft-iron,"  Froc,  Boy,  Soc.,  vol.  xxxix.  p.  374. 
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A  balance  on  tlie  lever  principle  gives  a  much  greater 
range  than  a  spring  balance.  The  gradual  increase  of  the 
load  may  be  obtained  by  using  a.  slow  stream  of  water,  or 
by  adopting  the  arrangement  of  Fig.  160,  where  the 
weight  W,  a  brasa  bucket  containing  shot  hanging  from 
I  the  carriage  0,  is  drawn  along  the  lever  by  the  slender 


cord  r  which  pa&hei.  o\cr  the  puUey  (  and  la  wound 
on  the  pulley  b  In  using  this  balance  the  weight  W  is 
placed  near  0  to  begin  with  anl  there  balanced  by  ad- 
justing the  load  contained  in  the  bucket  W  To  aid  in 
doing  this  accurately  a  pointer  p  is  attached  to  the  end  of 
the  lever  arm,  and  the  end  of  this  pointer  oscillates  in 
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front  of  a  mirror  m  provided  witL  jp-aduation  marks.  The 
weight  W  ia  then  moved  several  large  diviaiona  along  the 
graduated  lever  arm,  and  the  weight  W  increased  until 
balance  is  again  obtained.  From  the  known  weight  added 
the  value  of  a  division  in  grammes  may  be  ascertained.  By 
changing  the  weight  of  W  the  value  of  a  division  may  ba 
altered  at  pleasure,  and  the  balance  may  be  thus  mode  to 
suit    itself  to  a  considerable  range  of  values.      To  the 


bottom  of  W  an  armature  may  be  attached,  or  a  small 
sphere  t  of  iron,  either  of  which  ia  placed  in  contact  with 
the  end  of  the  magnet  wJten  both  W  and  p  are  at  Ihdr  zero 
positions.  To  secure  the  last  condition  the  bucket  W  maj' 
be  raised  or  lowered  by  aid  of  the  screw  s. 

In  Fig.  ICO  three  electro-magnets  are  shown  that  have 
been  wound  with  the  aame  quautity  of  wire,  but  differently 
disposed  in  each.     In  (1)  the  wire  is  hooped  towards  the 
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middle ;  in  (2),  tlie  one  shown  in  Fig.  1 60  aa  being  tested, 
it  is  hooped  towards  the  ends ;  and  in  (3)  it  is  wound 
regularly. 

No  great  value  can  he  attached  to  experiments  relating 
to  lifting  power,  the  sources  of  variation  heing  numerous. 
Much  will  depend  upon  the  shape  of  the  end  of  the  magnet 
and  of  the  armature,  on  the  closeness  with  which  their  sur- 
faces are  brought  into  contact,  on  the  time  dui-ing  which 
the  current  circulates,  and  on  other  causes.  The  measure- 
ments will  further  be  complicated  by  the  phenomenon  of 
residual  magnetism  when  the  core  has  not  been  made  of 
the  very  softest  iron  which  can  be  procured. 


Part  II. — Electro-Magnetic  Induction. 
128.  This  section  will  fall  under  three  heads  : — 
(A.)  Fundamental    Experiments    relating   to    Electro- 

Mngnetic  Induction. 
(B.)  Application  of  to  Various  Measurementa. 
(C.)  Measurements  of  Coefficients  of  Induction. 


(A.)  Fujidamenlal  Erpei-imtnls. 


Lesson  LX. — Induction  Experimental — SerieB  I. 

129.  Appnraim. — (1.)  A  reel  2  inches  long  and  2  inclies 
in  diameter  at  its  ends,  has  wound  upon  it  continuously  and 
in  the  same  direction  twelve  layers  of  covered  copper  wire, 
No.  34  B.  W.  G.  Forty  turns  of  wire  go  to  each  layer. 
The  ends  of  the  wire  are  connected  with  two  binding 
screws,  and  the  coU  is  mounted  on  a  base  hoard  (see  S, 
Fig.  161).  This  is  the  secondary  ml.  There  is  also  a 
smaller  reel  P,  provided  with  a  handle  and  two  binding 
screws,  and  upon  this  are  wound  eight  layers  of  No.  24 
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covered  copper  wire,  with  forty  turns  to  each  layer. 

forms  the  primary  coil.     Four  narrow  strips  of  brass  a 

1  the  outside  of  the  primary  coil,  so  as  to  1 

parallel  to  tlie  axis.     One    of  the  strips  is  graduated  i 

The  prin 

ary  coil  just  fits  withi 
the  secondary,  the  brt 
slips  sliding  in  groori 
so  that  the  former  mai 
he  drawn  out  to  any  of 
the  positions  marked  on 
its  scale,  the  axes  of  the 
straight    line. 
that    iron    wires   may 


1 


F!g.  162.— TBI  Uoaas  Ext. 


regulate  the  eitent  dI  j 


placed  within  it.      These  iron   wires  should  be  of  1 
same  length  as  the  coil  forming  the  primary,  and  6 
be  secured  in  a  fixed  position  symmetrical  with  r 
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to  the  primary  by  means  of  cork  wedges.  (2.)  Covered 
German- ail ver  wire,  No,  28,  and  covered  copper  wire. 
No.  20  B.  W.  G.,  will  also  be  required.  (3.)  A  mirror 
galvanometer,  of  which  the  needle  is  not  much  damped, 
and  a  Morse  key  will  likewise  be  necessary.  As  the 
Moras  key  will  bj  frequently  used  in  this  section  we  give 
a  figure  of  a  suitable  key  (Fig.  162).  (4.)  A  6-inch  per- 
manent magnet.  (5.)  Finally,  a  battery,  consisting  of 
two  of  Fuller's  bichromate  cells,  arranged  so  that  either 
one  or  two  cella  may  be  used  at  pleasure.  This  may  be 
done  by  means  of  a  switch.  As  this  arrangement  is  useful 
for  many  experiments,  and  may  be  applied  to  any  number 
of  cells,  we  give  in  the  Appendix  a  diagram  exhibiting 
the  connections. 

We  shall  now  describe  a  seriea  of  experiments  actually 
mode  with  the  above  apparatus. 

Experimmt  I. — The  primary  was  placed  within  its 
I  secondary,  no  iron  wire  being  within  the  former,  and  the 


connections  were  made  aa  in  Fig.  IC3  with  two  cells, 
the  binding  screws  A  and  C  of  the  Morse  key  being  used. 
On    pressing   the   Morse   key   a   sudden    deflection    was 
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observed  in  the  galvnnometer  of  forty-eight  divisiooB 
the  right     When  the  spot  of  light  had  come  to  rest  thtr 
key  waa  released,  when  a  deflection  of  forty-seven  diviBiona 
in  the  opposite  direction  was  observed.     This  experiment 
waa  repeated  several  times,  and  the  conclusion  arrived  at 
was  that  the  current  induced  in  the  secondary  coil  on 
making  was    equal    and    op[K>site    to    that    produced 
breaking  the  primary  circuit.    It  wiis  furtbeimore  obaervt 
that  the  induced  currents  were  but  of  short  duration, 
permanent  deflection  being  noticeable,  while  tbo  battery- 
circuit  continued  permanently  made. 

Experiindtt  II. — The  connections  being  as  before, 
resistance  box  was  placed  in  the  circuit.  The  Morse  key 
was  pressed  so  as  to  complete  the  circuit,  and  it  waa  found 
ou  suddenly  varying  the  resistance  that  induced  currents 
were  obtained  when  the  primary  current  waa  in  this  manner 
suddenly  varied.  The  induced  currents  were  equal  and  in 
opposite  directions  according  as  the  primary  was  suddenly 
increased  or  diminished.  It  is  thus  shown  that  a  varia- 
tion of  the  primary  current  -will  produce  an  induced  current 
in  the  secondary, 

Eirperimenl  III. — Some  soft  iron  wires  were  well 
waled,  and  one  of  them  waa  inserted  in  the  primary  coil^' 
the  connections  being  otherwise  the  same  as  before.  It 
waa  now  found  that  the  induced  current  obtained  on 
making  or  breaking  the  primary  was  increased  so  greatly 
as  almost  to  send  the  spot  of  light  off^  the  scale  of  the 
galvanometer.  One  cell  of  the  battery  was  switched  off, 
and  the  following  observations  were  then  taken 


1 

at 

OIL. 

m 

:ey  ^^H 


E^cnment  /r.— The   battery  current  l>eing  made,  i 
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was  found  that  induced  effects  were  obtained  when  the 
primary  was  suddeDly  withdrawn  from  the  secondary  and 
when,  it  was  suddenly  placed  within  the  secondary,  the 
former  corresponding  with  a  breaking  and  the  latter  with 
a  making  of  the  circuit. 

£jperment  V. — The  primary  was  placed  within  the 
secondary,  and  deflections  were  obtained  as  in  the  first 
experiment.  The  primary  was  then  withdrawn  a  tew  milli- 
metres at  a  time,  and  observalions  were  taken  in  different 
positions.     The  following  results  were  thus  obtained : — 

PoBlUon  of  PrimBry.  Bresk.  Hake, 

Completely  in  Beconilary     . 


Completely  withdrawn 

Experiment  VI. — The  primary  was  placed  so  as  to  be  on 
the  outside  of  the  Bocondary,  with  its  axis  parallel  to  that 
of  the  secondary.  On  making  or  breaking  a  deflection  of 
four  divisions  was  obtained. 

The  axis  of  the  primary  was  then  turned  so  as  to  be  at 
right  angles  to  that  of  the  secondary.  In  this  position  no 
effect  whatever  could  be  observed. 

Experirtienl  VII. — A  permanent  magnet  was  sulistituted 
for  the  primary  circuit,  and  motions  of  this  were  found  to 
produce  phenomena  exactly  similar  to  those  described  aa 
resulting  from  similar  motions  of  the  primary  current. 
The  effect  of  moving  the  magnet  in  different  ways  was 
tried,  and  in  all  these  the  magnet  was  found  to  act  just 
as  if  it  were  a  primary  coil  conveying  a  positive  current, 
which  descends  on  the  east  side  ajid  ascends  on  the  west, 
magnetically  speaking.  Finally,  the  magnet  was  dj-opped 
right  through  the  secondary  coil,  and  it  was  observed  that 


I  the  spot  of  light  made  a  sudden  motion  to  the  left,  which  ^^^J 

was  immediately  checked,  and  that  it  then  moved  for  a        ^^^| 
moment  to  the  right,  thus  finally  showing  an  oscillation         ^^^| 


SIS  PliACTICAL  PHYSICS, 

about  iU  previous  poeition,  without  however  recording  t 
permanent  change  of  plaxe. 

Lesson  LXI. — Induction  Ezperimente — Series  XL  j 

130.  A])p(iriitv».—{\.)  In   place   of   the   primary 
econdary    coib    of    last    iesson 
I  two   flat   spirals   of    covered   cop| 
re,  Ko.   24  B.  W.  G.,  each  ha< 
I  ubout    seventy    turns — the    outside 
diameter  being  4  inches,  and  with  a 
I  hole  in  the  middle.      They  must  be 
mounted    on    thin    boards     provided 
with  binding  screws  (see  Fig.   164) 
I   (2.)  Discs  of  cardboard,  copper, 
and  zinc  of  the  same  thickness 
fli'i'spibal.  *'^  ^y  ^  inches  in  diameter  and  ^ 

inch  thick.     (3.)  An  electro-magn< 
copper  and  German-silver  wire  as  in  last  lesson.      (4.] 
Battery,  galvanometer,  and    their   accessories,  as   ii     ~ 
lesson. 

Experimeni  I. — The  flat  spirals  were  laid  face  to  face, 
disc  of  cardboard  being  between  them.  One  was  conm 
with  the  battery,  serving  as  the  primary,  and  the  othef 
with  the  galvanometer,  serving  as  the  Rccondary  circuit. 
An  induced  current  waa  obtained  after  the  manner  already 
described.  The  cardboard  was  then  replaced  by  otlier, 
substances,  and  the  amouat  of  induced  current 
each  case  as  shown  below  :— 

Sotatoni^  between  Spiralii,  Itreak,  I 

Cftrdboard  ...  175 
Zinc  .  .  .  .  I7i 
Copper     .  .         175 


Experiment  JI. — Two    flat   spirals,   eacli    of    the    i 
number  of  turns,  were  made,  one  of  No.  28  B.  W.  G.  i 
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covered  copper  wire,  and  tlie  otlier  of  No.  25  ailk-covered 
German-silver  wire.  The  number  of  turna  in  each  coil  was 
thirty-three.  The  spiral  made  of  the  thicker  wire  was  i  inches 
in  diameter,  and  that  made  of  the  thinoer  wire  2^  inches. 
Each  had  a  central  aperture  of  one  incL  They  were  con- 
nected in  Beries  to  the  galvanometer,  so  that  both  formed 
part  of  the  same  circuit.  The  spirals  were  placed  the  one 
on  the  top  of  the  other — the  direction  of  winding  and  of 
the  current  being  the  same  in  both.  A  magnet  was  thrust 
through  the  central  aperture  of  the  spirals,  and  a  lai^e 
deflection  was  obtained.  One  of  the  spirals  was  then  turned, 
so  that  the  direction  of  winding  in  the  one  spiral  was 
opposed  to  that  in  the  other.  No  induced  current  could 
now  be  obtained.  This  shows  that  under  these  circum- 
fitancea  the  currents  induced  by  the  two  spirals  in  the 
iompound  circuit  embracing  both  were  equal  and  opposite, 
although  the  nature  of  the  conducting  material  and  the 
area  of  the  spiral  were  different  in  each. 

Experimml  III. — The  importance  of  this  result  justi- 
fied a  more  searching  trial  after  the  manner  described  by 
Faraday  in  his  Experimental  Besearches  (First  Series,  p.  195). 
A  German  silver  and  a  copper  wire  of  the  same  lengtli 
but  of  different  thicknesses  were  fastened  together  at 
one  end.  The  two  wires  wera  then  twisted  together  and 
wound  on  a  reel.  The  two  free  ends  were  connected 
with  a  galvanometer,  made  aa  delicate  as  possible.  The 
reel  was  then  placed  on  one  of  the  poles  of  an  electro- 
magnet that  was  so  far  away  aa  not  to  afl"ect  the  galvan- 
ometer. On  putting  on  the  battery  power,  so  as  to  make 
the  pole  strongly  magnetic,  no  induced  current  wliatever 
was  obtained. 


Lessok  LXII. — Induction  Experimente — Series  HI. 

131.  Apparatus. — In   addition   to  the   apparatus  men- 
tioned  in   the    previous   lessons,    we    require   two    other 
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sitnilar  secondary  coils  and  two  other  similar  primary  ci 
By  similar  we  mean  of  exactly  the  same  size  and  Bimilarljij 
wound  with  equal  quantities  of  the  Bame  kind  of  w 

Erpenmml  I. — Let  us  now  make  use  of  several  zero  I 
metbode,  such  as  those  used  by  Professor  Felici  oi  ] 
Pisa.'  Let  us  attempt  to  show  that  the  induelion  of  a 
given  eurrent  in  the  primary  im  tlie  secondary  is  etpiai  to  that 
of  tht  same  current  in  the  secondary  on  the  primary.  Connec- 
tions -were  made  as  in  Fig.  165,  where  Pj,  P,  are  two 
primaries,  and  Sj,  Sj  two  secondaries.      The  current  is 


supposed  to  pass  in  opposite  directions  round  the  tw»  | 
primaries,  so  that  the  induction  currents  produced  in  the 
secondaries  are  equal  and  opposite,  and  hence  the  galvan- 
ometer will  remain  at  rest.  If  on  pressing  the  key  a 
deflection  should  ha  obtained,  one  of  the  primaries  must  be 
pulled  out  a  little  distance  untU  an  exact  balance  is  pro- 
cured. Had  the  coils  been  exactly  similar  this  adjustment 
would  of  course  Lave  been  unnecessary. 


II.] 
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The  directioa  of  tho  currents  in  Fig.  165  being  retained, 
the  connections  were  next  altered  in  such  a  manner  tliat 
while  the  primary  current  circulated  in  P,  and  the  second- 
ary in  Sj,  as  before,  yet  in  the  right-hand  coil  we  had  the 
primary  circulating  in  S^  and  the  secondary  in  P^.  Of 
course  it  was  only  the  secondary  current  which  passed 
through  the  galvanometer.  No  deflection  was  obtained  on 
pressing  the  key. 

This  experiment  ahowa  us,  therefore,  that  the  action  of 
P|  on  S^  ia  equivalent  to  that  of  Sj  on  Pj,  these  two 
actions  producing  currents  which  pass  towards  the  gal- 
vanometer, but  which  exactly  balance  each  other.  Now 
the  previous  experiment  showed  us  that  the  action  of 
Pj  on  Sj  is  equivalent  to  that  of  P^  on  Sj,  and  hence  it 
follows  that  the  action  of  Pj  on  S,  ia  equivalent  to  that  of 
Sj  on  Pg  {since  both  are  equivalent  to  that  of  P,  on  S^). 
ITius  the  proposition  is  proved. 

Eiqierimmt  II. — Let  us  now  attempt  to  show  that  ihe 
deciromotm  force  oftTul-ucHmi  is  proporOmial  to  the  indvdwj 
cuirrenL  For  this  purpose  two  additional  coils,  P^  and  S.,, 
exactly  similar  to  the  others  in  construction,  were  obtained. 
They  were  tested  against  P^  and  S^  and  also  P^  and  S^  by 
the  method  of  Experiment  I.  It  was  thus  shown  that 
the  action  of  Pj  on  S,  ia  equal  to  that  of  Pj  on  Sj,  as  also 
to  that  of  P3  on  S3. 

Connections  were  then  made  as  in  Fig.  166,  and  on 
closing  the  battery  circuit  no  deflection  was  noticeable  in 
the  galvanometer. 

Since  the  coils  P^  and  P,,  S^  and  S3  are  alil;e,  it  toUowa 
that  the  resistance  of  F^  is  equal  to  that  of  P3,  and  there- 
fore the  current  Cj  circulating  in  Pj  will  divide  itself 
exactly  equally  between  P^  and  P3,  giving  a  current  -  JCj 
in  each.  But  since  no  deflection  waa  obtained  the  efl'ect 
of  JCj  in  P^  and  Pg  must  have  been  to  produce  an  induced 
current  in  Sj  and  8,,,  each  of  only  half  the  strength  of  that 
produced  in  Sj  by  the  current  of  whole  strength  in  P,. 
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In  a  similar  manner  it  could  be  shown,  by  using 
number  of  additional  primaries  and  secondaries,  that 
rally  the  inductive  effect  la  proportional  to  the  stren; 
of  the  inducing  current 

We  could  likewise  show  by  a  zero  method  that  (he 
dedromoliw  force  induced  m  a  coil  of  n  windings  by  a  carretU 
in  a  coil  of  m  mndings  is  proportional  to  the  prodwi  nm.  W«' 
shall,  however,  employ  instead  a  quantitative  method. 


] 


Lesson  LXIII. — Induction  Experiments — Series  ] 

132.  Apparntin. — We  shall  require  two  additional  c 
each  wound  with  twelve  aeparato  layers  of  wire.  Thee 
coils  must  be  identical  in  every  respect.  Fig.  157  exhibits 
one  of  these  mounted  on  a  base  board,  which  is  provided 
with  thirteen  binding  screws.  The  ends  of  each  of  the 
separate  layers  are  connected  with  the  binding  screws  in  the 
manner  indicated  in  Fig.  167,  where  the  binding  screws 
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are  numbered  1-13  and  the  separate  layers  I-XII.  Here 
the  ends  of  the  first  layer  No.  I.  are  connected  with  the 
binding  screws  1  and  2,  the  ends  of  No.  II,  with  2  and  3, 
and  so  oa  This  arrangement  enables  any  number  of  the 
layers  to  he  put  in  circuit  at  the  same  time.  Also  these 
twelve  layers  may  either  be  made  to  form  primaries  or 
secondaries  at  will.  Battery,  galvanometer,  key,  etc,  will 
be  likewise  necessary, 


I 


Fig.  lOT, 


Mdliod. — In  the  firet  place,  connections  must  he  com- 
pleted as  shown  in  Fig.  167.  Here  are  exhibited  plans 
of  the  two  experimental  coils — that  on  the  right  we  shall 
call  the  induction  coil,  and  that  on  the  left  the  amtpetimting 
resiaiance  coil.  The  object  of  the  latter  is  to  ensure  that 
the  same  reaiatance  shall  always  he  in  the  battery  circuit 
quite  independently  of  the  number  of  primary  coils  that 
are  in  circuit.  In  the  diagram  eleven  coUs  of  the  com- 
pensating  coil  and  one  coil  of  the  induction  coil  are  in 
VOL.  II.  2  A 
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circuit  with  tlie  battery,  malting  twelve  in  all.  Had  tlicre 
been  two  coils  of  the  latter  there  would  have  been  ten  coils 
of  the  former,  in  order  to  make  the  total  number  twelve  as 
before.  Shoidd  this  latter  arrangement  be  desired  the  end 
of  the  wire  passing  to  binding  screw  3  of  the  induction 
coil  must  be  moved  to  the  binding  screw  3,  and  the  end 
of  the  wire  at  2  of  the  compensating  coil  moved  to  3. 
Twelve  coils  will  be  now,  as  before,  in  the  battery  circuit, 
for  we  have  merely  substituted  the  layer  II.  of  one  coil 
for  the  layer  II.  of  the  other,  which  have  both  the  same 
i-esistance.  If  three  coils  of  the  induction  coil  are  required, 
the  ends  of  the  wires  at  3  in  both  coils  are  moved  to  i, 
and  BO  on.  These  layers  of  the  induction  coil  form  the 
primary  coiL  The  secondary  coil  shown  in  the  diagram 
consists  of  eight  layers  (V.-XII.),  which  are  connected  with 
the  galvanometer. 

The  method  consists  simply  in  varying  the  number  of 
layers  in  the  primary  and  secondary,  and  noticing  the 
deflections  produced  in  the  galvanometer  needle  when 
contact  is  made  or  broken, 

Hxample. — 


Prin..,. 

BMOnrfurj. 

Defleu- 

.X. 

D 

^^-           w™ 

Lsyen. 

Liyere. 

1 1      1 

I.  aiui  II.         .         .        2 
I.,  II.,  aii.l  III.                  3 
I.,  II.,  III.,  an.!  IV.'      4 

VII-XII. 

6 

e 

B 
6 

47 
94 
141 
187 

6 
12 

la 

S4 

7-883 

7-833 
7-833 
7-792 

Here  the  secondary  coil  has  been  kept  constant.      Had  we 
wished  to  vary  the  number  of  layers  n  forming  the  second- 
ary, we  should  strictly  have  had  to   introduce  a  variable 
portion  of  the  compensating  resistance  coil,  so  as  to  mok^J 
the  resistance  of  the  galvanometer  circuit  always  consta 
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Tliis,  however,  would  be  unnecessary  if  tlie  resistance  iii 
tlie  galvanometer  were  bo  high  that  but  little  variation  in 
the  total  reBistancB  would  be  produced  by  altering  n} 

133.  Tlie  arrangement  of  two  primaries  and  two 
secondaries  described  in  Fig.  165  constitutes  an  Induc- 
tion Balance,  and  may  be  used  in  studying  tlie  inductive 
effect  of  various  metals  placed  within  Pj  or  Pj. 

It  was  first  employed  by  -Dove  for  this  purpose.^ 
Hughes,  by  the  application  of  the  telephone,  has  produced 
an  instrument  of  this  kind  of  extreme  delicacy. 

Lesson  LXTV. — The  Induction  Balance  of  Hughee. 

134.  Jj>paratvs, — An  induction  balance  of  tlie  ordinary 
pattern.  It  consists  of  two  primary  coils  fixed  on  a  base- 
board 34  cm.  apart.  Above  them  are  the  two  secondaries. 
An  adjusting  screw  of  ivory  permits  one  of  the  secondaries 
to  have  its  distance  from  ita  primary  changed.  The  instru- 
ment is  constructed  as  much  as  jioHsible  of  wood  and  non- 
metallic  materials.  Two  wooden  cups  fit  within  the 
secondaries  for  the  reception  of  the  metals  to  be  tested, 
which  are  in  the  form  of  discs  of  the  same  diameter  and 
thickness.  One  of  the  cups  may  be  replaced  by  a  wedge- 
shaped  rod  of  zinc  provided  -with  a  millimfetre  scale.  By 
sliding  the  wedge  more  or  less  over  the  top  of  the  second- 
ary the  inductive  effect  of  the  metal  in  the  other  cup  may 
be  balanced,  and  ita  value  in  divisions  of  the  scale  read  off. 

The  primary  coils  are  connected  in  series  with  a  battery 
of  three  DanieJI's  cells  and  an  interrupter.  The  latter 
consists  of  a  piece  of  clockwork  rotating  a  co^ed  wheel, 

'  The  propOBition  contained  in  this  lesaon  may  also  be  proved  for 

ignetO'induction  by  auhgtitating  for  the  lattory  and  pnmary  roil 

^lennanent  mafinst  aftor  the  manner  of  Lanz  (see  Art.  "  Electricitj," 

iMq/.  £rit.,^  77),  Bcomponsftting  coil  being nsed  in  the  galvanometer 

<  See  De  La  Rive,  ElairieUy,  vol  i.  p.  425. 
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against  the  teeth  of  which  there  presses  a  metal  tongj 
The  wheel  sad  tongue  being  in  circuit,  aa  the  forma 
revolves,  the  current  will  be  repeatedly  interrupted.  Wha 
the  wooden  cups  are  free  from  metal  no  noise  should  1 
heard  in  the  telephone  (which,  in  this  instrunient,  is  plac 
in  the  secondary  circuit),  provided  the  adjustment  of  t 
coils  by  the  ivory  screw  is  exact.  Supposing  that  f 
adjustment  has  been  secured,  the  following  experimeiri 
should  be  made : — 

Experimmit  I. — Test  the  sensitiveness  of  the  i 
ment  by  placing  in  one  of  the  cupa  a  very  small  piece  of 
copper  wire.  A  piece  weighing  not  more  than  a  milli- 
gramme ought  to  disturb  the  balance  and  cause  a  sound 
in  the  telephone.  Ck)ins  of  the  same  value  placed  in  the 
cupa  should,  aa  a  rule,  show  a  difference.  If  the  arrange- 
ment is  not  sufficiently  delicate  the  telephone  should  ha 
re-adjusted  or  the  battery  power  increased. 

Experiment  11. — Test  discs  of  different  metals  agdm 
the  zinc  wedge,  and  note  the  reading  on  the  scale  attache^ 
to  the  wedge. 

Sipermtenl  III. — Make  a  flat  spiral  of  copper  wire  v 
its  terminal  wires  unconnected,  and  show  that  there  is 
disturbance  of  the  balance  as  long  as  the  circuit  of  t 
spiral  remains  open,  when  the  plane  in  which  the  spir 
lies  is  parallel  to  the  coils. 

Experiment  IV.  —  Show  that  discs  of  non-i 
metals  do  not  sensibly  disturb  the  balance  when  plac 
with  their  plane  at  right  angles  to  the  coils.  With  mag- 
netic metals  the  contrary  will  be  found  to  be  the  case. 
The  instrument  thus  furnishes  a  means  of  distinguishing 
between  these  two  classes  of  conductors. 

Experiment  V. — Place  the  same  disc  at  different  doptli 
within  one  of  the  secondary  coils,  and  find  the  position  o 
maximum  effect. 

Experiment  VI. — Notice  that  the  sounds  in  the  t«1j 
phone  produced  by  the  different  materials  are  not  of  t 


r 
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same  character;  thua  iron  gives  out  a  ''heavy,  smothered 
toEe,"  whilst  hard  steel  has  tones  "  exceedingly  eharp." 

135.  The  treatment  of  the  theory  of  the  induction 
balance  is  beyond  the  scope  of  this  work.  Further  in- 
formation respecting  it  will  be  found  in  the  following 
memoirs  : — ■"  Induction  Balance  and  Experimental  Re- 
searches therewith,"  by  Professor  D.  E.  Hughes,  Pro.  Phys. 
Soc,  London,  vol.  iii.  p.  81  j  "  On  Intermittent  Currents  and 
the  Theory  of  the  Induction  Balance,"  by  Oliver  J,  Lodge, 
Pro.  Phys.  Soc.,  London,  vol.  iii.  p.  187;  "On  the  Gradua- 
tion of  the  Sonometer,"  by  J.  H,  Poynting,  Pro.  Phys.  Soc, 
Lofuion,  voL  iii.  p.  1G9  ;  "Molecular  Electro-Magnetic  In- 
duction," by  D.  E.  Hughes,  Pro.  Hoy.  Soc.,  1881,  vol,  xssi. 
p.  525. 

136.  We  proceed  now  to  describe  a  series  of  experiments 
in  illustration  of  the  action  of  a  current  on  itself,  known  as 
Self-Induotioii. 

Lesson  LXY. — Experiments  on  Self-induction. 

137.  Apparatus. — An  clectro-magnot  with  removable 
core,  such  as  that  of  Fig.  167  ;  _  ' 
ometer  differentially  wound.  Fig. 
168  showa  a  Biutable  instrument. 
It  has  a  pivoted  needle  with  a 
jiointer  fixed  at  right  angles  to  It,  . 
the  end  of  which  is  seen  in  the  ' 
figure.  By  means  of  a  met? 
the  movement  of  the  pointer  may  ^^wg^^^iLvrsuBuurK.'''' 
be  limited  as  desired.     A  key  will 

I  likewise  be  necessary  (a  mercury-cup  key  being  preferred), 
also  a  battery,  such  as  Groye'a,  a  box  of  coils,  and  AVheat- 
Btone's  bridge  apparatus. 
Experiment  L — Make  a  circuit  (Fig.  169)  containing  in 
series  the  battery,  the  key  K,  and  the  coil  of  the  electro- 
magnet CD  without  its  core.     Notice  that  when  the  circuit 
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is  made  there  is  scarcely  any  epark  at  the  contact  place  of 
the  key ;  biit  on  the  other  hand,  when  the  circuit  is  broken, 
there  is  a  brilliant  spark.  Try  coila  wound  with  different 
numbers  of  turns  of  wire. 

Experiment  II.  (Jenkin'). — Phice  a  moistened  finger 
one  hand  ou  the  bare  wire  at  A,  and  a.  moistened  finger  of 
the  other  hand  on  the  bare  wire  at  B,  that  ia  to  say,  on 
opposite  aides  of  the  contact  place.  Break  and  make  con- 
tact. On  breaking  contact  a  smart  shock  should  be  felt. 
For  this  experiment  to  succeed  well  the  coil  should  consist 
of  a  large  number  of  turns  of 


HF 


Exiperiment  III. — Kepeat  Kxperiments  I.  and  II.,  butf 
insert  the  core  within  the  coiL     The  effects  will  now  \ 
much  stronger. 

Exjieriment  IV.  (Faraday^). — Arrange,  as  in  Fig.  170^ 
a  crosa-circnit  he,  in  which  the  galvanometer  G  is  placetf 
On  making  contact  the  current  will  split  itself  between  t" 
paths  eh   and  rfc,   and  in    consequence  the    ^ 
needle  will  be  deflected,  say  to  the  righl.     Now  place-i 
stop-pin  to  the  right  of  the  ])ointci',  so  as  to  keep  it  at  a 
and  prevent  it  from  travelling  to  the  right  while  the  c 
is  passing.       Then  raise  the  key,  thus  breaking  conta 
when  there  wOl  be  n  sudden  and  momentary  deflection  I 

'  See  Faradaj's  Ej^perimaiial  Rtscarcha  in  EUciricUy,  Series  i . 
vol,  i.  The  Btudect  ia  atrongljirecoiumeudad  ta  read  tlia  Besmiaba 
beaiiug  on  the  induction  □,' 


[ 
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the  Ufi,  due  to  the  current  of  induction  produced  in  E 
when  the  main  current  was  hroken.  This  induced  current 
is  in  the  same  direction  as  the  main  current,  and  will  travel 
in  the  lower  part  of  the  circuit  in  the  Eame  direction  aa 
the  main  current,  but  it  will  complete  itself  by  passing 
through  the  galvanometer  branch  ^5  in  a  direction  the 
opposite  to  that  of  the  main  current,  and  hence  the  gal- 
vanometer deflection  will  be  the  opposite  of  that  which  the 
original  current  produced. 

The  induced  current  formed  when  a  circuit  is  broken  is 
called  the  dirut  extra  mrreni. 

Hxperiment  F.  (Faraday). — With  the  same  connections 
as  before,  but  with  a  current  just  strong  enough  to  allow 
the  permanent  deflection  to  the  right  to  be  readable,  place 
a  stop-pin  to  prevent  the  pointer  from  returning  to  zero. 
Break  and  then  remake  contact,  when  the  pointer  will 
be  suddenly  deflected  farther  to  the  right.  Here  the 
current  from  «  to  6  is  inoperative,  since  the  pointer  ia  at 
the  place  of  maximnm  deflection  that  would  be  produced 
by  ite  means,  hence  the  increased  deflection  can  only  be 
due  to  an  induced  current  opposite  in  direction  to  the  main 
current,  and  which,  originating  in  the  lower  half  of  the 
it,  travels  through  the  galvanometer  wire  in  the  same 
direction  as  the  main  current, 

Expenmenl    VI.   {Edlund).— The    galvanomoter,   which 

must  now  use  aa  a  differential   instrument,  permits 

the   extra  currents   to  be  studied  more   easily  than  can 

be  done  by  the  preceding  methods.      Make  connections 

in  Fig.  78,  where  R  is  a  box  of  coils  and  x  the  electro- 

.gnet.  Balance  K  against  a;,  when  it  will  be  fonnd 
that  if  the  key  be  raised  or  lowered  the  equilibrium 
will  be  momontarUy  disturbed,  the  needle  bebig  sharply 
deflected  in  the  one  case  to  the  right  and  in  the  other  to 
the  left.  The  effect  is  due  to  the  self-induction  of  x  alone, 
for  R  is  composed  of  coila  wound  double,  which  prevents 
the  formation  of  induced  currenta.     That  this  wUl  do  so 
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will  be  clearly  seen  if  we  reflect  that  the  action  of  a  c 
ill  producing    an    Extra   current  is  due  to  the  fact  t 
it  is  composed  of  a,  great  number  of  convolutions,  ii 
of  which  the  main  current  circulates  in  the  same  direction^ 
If  therefore  we   double    the    coil  upon  itself  in   such  ; 
manner  that  two  neighbouring  convolutions  convey  < 
rents,  which  circulate  in  opposite  directions,  we  destrojj 
their  power  of  producing  induced  currents. 

Ei^erimeni  VII. — By  balancing  the  coil  whose  self-induoi 
tion  has  to  be  investigated  in  a  Wheatatone's  bridge  (see" 
p.  136),  and  closing  the  galvanometer  key  B'b  before  the 
key  A'a  is  closed  or  opened,  the  existence  of  the  two  in- 
duced currents  may  likewise  bo  shown  in  a  very  convenient 
and  obvious  maimer.  It  will  here  be  remembered  that  in 
determining  resistances  by  the  bridge,  attention  was  called 
to  the  necessity  of  closing  the  battery  key  before  the  gal- 
vanometer key,  in  order  to  avoid  the  action  of  induced  cur- 
rents on  the  galvanometer,  which  would  otherwise  lead  the  : 
observer  astray  iii  his  measurements. 


(B.)  Apiilicatkni.  of  Ekctro-Mag-netic  I-nducthii  tn 
Measurements. 

138.  Measurement  of  Transwnt  Currents. — The  currents  3 
produced  by  induction  last  but  a  very  short  time,  an^J 
hence  they  must  bo  measured  in  o,  special  manner, 
some  of  the  prece<ling  experiments  we  have  tacitly  assumed 
that  the  strength  of  the  induced  current  is  proportional  to 
the  amplitude  of  the  first  awing  of  the  galvanometer.  We 
must  now  proceed  to  justify  this  assumption,  and  explain 
more  exactly  the  method  of  measuring  currents  of  short 
duration. 

(I.)  Let  a  be  the  angle  through  which  the  galvanometer 
needle  is  deflected  by  a  current  of  short  duration,  then.J 
(Fig.  171),  at  the  instont  when  the  needle  is  at  the  em 
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its  awing,  its  north  pole  (of  strength  m)  haa  virtually  moved 
against  the  force  Hm  (where  H  is  the  horizontal  magnetic 
intensity}  through  a  distance  JiTt';  the 
Eoutli  pole  haa  likewise  moved  a 
similar  distance,  and  hence  the  whole 
work  done  ty  the  noedle  is 

aHmx«n'  =  2Hmx;(l-ooBa)=HM 


(1- 


■=), 


where  I  is  the  half-length  of  the 
needle  and  M  its  magnetic  moment. 
But  if  we  refer  to  Vol.  I.  p.  243 
we  shall  see  that  the  work  dono  may 
likewise  he  expressed  as  =  ^Itu*,  where 
is  the  moment  of  inertia  of  the 
_  stem  with  respect  to  the  axis  of 
rotation  and  u  is  the  angular  velocity 
as  it  passes  its  point  of  rest  Hence  -^ 
we  have 

iIiu3=HM(l-coso) 


Hm 


-y"^ 


(11.)  Next,  let  C  be  the  strength  of  the  induced  cur- 
rent, and  T  the  short  time  through  which  it  lasts.  This 
time  may  be  regarded  as  so  short  that  during  the  whole 
passage  of  the  discharge  the  needle  has  not  sensibly  moved. 
If  therefore  the  current  acts  upon  it  by  means  of  a  coil  it 
will  have  its  full  effect  without  any  deduction  on  account 
of  the  changed  position  of  the  needle,  inasmuch  as  this 
change  only  begins  to  develop  itself  after  the  current  has 
d  to  act.  By  the  theory  of  the  tangent  galvanometer 
(see  pp.  323-326),  the  moment  of  the  couple  acting  upon 
the  magnet  will  ho 
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where  a  is  the  mean  radius  of  the  galvanometer  coils  and 
n  the  number  of  windings. 

This  will  be  equivalent  to  a  force  =  C  x  ^  x  ^  acting 

at  the  extremities  of  the  radii  of  gyration  ( =  ^)  in  each 
half  of  the  needle,  and  lasting  for  the  time  t.  At  these 
two  extremities  the  mass  of  each  of  the  two  half  needles 
may  be  supposed  to  be  concentrated  (VoL  I.  p.  243),  and 
hence  the  velocity  produced  will  be 

p    2im    M  T 

a      2k    half  mass 

while  the  angular  velocity  will  be 

^     lirn     M  T  ^     2ini  Mr  _,     2xn    Mr 

w  =  Cx —  XxT^x^-^r^ =Cx —  X i5=Cx  —  X  ---, 

a      2Ar    half  mass  a      massxA^^  a        I 

or 

_MCr_MQ 

where  Q  denotes  the  whole  quantity  of  the  induced  current, 
while  r  is  the  true  constant  of  the  galvanometer  (see  p. 
225). 

(III.)  From  (1)  and  (2)  we  have 

MQ    -     /ilM  .   a 
1T  =  WT^^^2' 
hence 

Q=2rsi„-y|^=2rHyj^8in| 

Let  T  be  the  time  of  a  single  vibration  of  the  magnet, 
then 


^='\/h1» 


HM 

(see  Vol.  I.  p.  251);  hence 


-    2rHT  .   a 
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(rV.)  If  the  deflections  are  taken  by  means  of  a  mirror 
galvanometer,  we  have  (Vol.  I.  p.  55)  tan  2a  =  £,  where  s 
is  the  number  of  scale  divisions,  let  lis  say  in  millimfetres, 
and  L  the  distance  of  the  mirror  from  the  scale,  also  in 
millimetres.  But  the  deflections  being  small  we  may 
assume  that 

i  tail  2a  =  tan  a  =  sin  it  =  rp, 


1  (3)  will  therefore  become 
„    srHT  s 


or  the  transient  current  is  proportional  to  the  amplitude  of 
the  first  swing  expressed  in  scale  divisions. 

139.  The  value  of  T. — It  must  be  remembered  that  the 
value  of  T  will  depend  upon  the  moment  of  inertia  and 
the  magnetic  moment  of  the  suspended  magnet,  as  well  as 
on  the  value  of  H.  Now  both  the  magnetic  moment  and 
H  may  vary^tho  former  on  account  of  the  weakening  of 
the  suspended  magnet,  caused  by  the  demagnetising  in- 
fluence of  the  transient  currents;  whilst  the  latter  will 
depend,  amongst  other  things,  upon  the  position  of  the 
directing  magnet  of  the  galvanometer.  Uenco  it  is  of 
importance  to  ascertain  T  at  the  commencement  and  like- 
wise at  the  end  of  a  series  of  experiments.  The  mtikod  of 
passages  sliould  bo  employed,  as  described  in  Vol.  I.  p.  186, 
and  the  amplitude  of  vibration  both  at  the  commencement 
and  end  of  the  passages  should  he  noted  in  order  that 
correction  should  be  made  to  on  infinitely  small  arc,  as 
described  in  Chap.  VI.  p.  295,  With  the  mirror  galvan- 
ometer this  correction  is  small,  and  may  be  best  applied  as 
in  the  next  article. 
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140.  The  jiorrected  value  Tj  of  T  may,  as  in  p.  294,  bel 
written  thua^ 


r..T(i-i.to.g, 


where  p  is  the  mean  amplitude  of  the  vibration,      But  with.l 
the  mirror  galvanometer 

where  s  and  L  have  the  same  meaning  aa  above,  and  v 
sufficient  exactness  for  our  purpose 


'.-■'O-iiML.)- 


141.  Effect  of  Damping— TIte  Ballistic  Galvanometer. - 
The  preceding  investigation  is  based  upon  the  assumption 
that  there  are  no  causes  tending  to  limit  the  extent  of  the 
needle's  deflection  other  than  that  due  to  the  horizontal, 
mt^netic  couple.  But  there  are  three  distinct  sources  i4j 
resistance  that  have  not  been  considered,  namely— 

(1.)  The  resistance  of  the  air. 

(2.)  The  effect  of  the  ciuTents  induced  in  the  met 
work  suiTounding  the  needle,  which,  iu  accordant 
with  Lena's  law,  tend  to  oppose  the  motion  of  tl 
body  producing  them. 

(3.)  The  viscosity  of  the  suspending  fibre. 

Accoi'dingly,  if  we  wish  to  measure  accurately  a 
sient  current  these  aources  of  error  must  be  allowed  for  orj 
made  so  small  as  to  have  a  negligible  effect.  The 
listic  (Jalvanometer  is  an  instrument  adapted  for  meaeur- 
jng  transient  currents.  This  only  differs  from  an  ordinary 
galvanometer  in  possessing  a  heavy  needle,  made  nearly 
spherical.  The  needle  is  mado  heavy  in  order  to  make  its 
time  of  vibration  large,  and  it  is  made  spherical  in  orde^ 
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that  the  air  reaistanco  may  be  a  minimuia.  The  first  con- 
dition is  clearly  requisite,  since  we  have  assumed  that  the 
magnet  remains  practically  at  rest  during  the  passage  of 
the  transient  current. 

141a.  Elementary  Theory  oj  Dampiit^.  —  In  ordinary 
motions  of  the  needle  we  may  assume  that  the  resisting 
forces  are  simjitij  proporliotuil  io  the  iieiodhj,  so  that  our 
investigation  ia  how  to  determine  the  motion  of  a  body 
under  an  attraction  varying  as  its  distance  from  its  point 
of  rest,  and  a  resisting  force  varying  as  its  velocity.  To 
simplify  this  problem  we  shall  assume  that  the  influence  of 
damping  ia  comparatively  small. 

Our  first  remark  will  be  that  a  comparatively  smaJl 
damping  force  will  not  sensibly  affect  the  time  of  v^iUion.'^ 
For,  let  us  consider  an  oscillation  beginning  from  an 
elongation  at  the  left  =  a,  and  ending  with  one  at  the 
right  =  a',  which  will  be  less  than  u.  Had  there  been 
no  retardation  the  two  elongations  would  of  course  have 
been  equal  to  each  other.  Let  v  denote  the  velocity  as 
the  point  of  rest  was  passed.  Now  divide  each  half 
vibration  into  a  great  number  of  parts,  the  principle  of 
division  being  that  a  small  change  of  velocity  =  ^  has  boon 
produced  between  the  beginning  and  end  of  each  part 

If  wo  now  compare  the  damped  vibration  with  another 
starting  from  the  same  point,  which  ia  undamped  and  sub- 
ject to  no  retardation,  we  may  easily  jierceive  that  the  time 
of  passing  through  each  of  these  divisions  will,  in  the  left- 
hand  Italf,  be  greater  for  the  damped  than  for  the  undamped 
vibration,  while  in  the  right-hand  half  the  opposite  will 
hold.  The  result  will  be  that  the  time  of  executing 
the  first  half  will  be  greater,  and  that  of  executing  the 
second  half  less  for  the  damped  than  for  the  undamped 
vibration.  On  the  whole,  therefore,  we  may  suppose  the 
1  tlio  timo  of 
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oue  difference  to  counteract  the  other,  and  conclude  that  ] 
the  whole  time  will  not  be  seiiaibly  affected. 

Our  next  remark  is  that  the  effect  of  damping  is 
diminish  the  amplitude  of  any  vibration  in  a  fixed  proper-  ! 
Hon.      To  prove  this,  let  there  be  two  undamped  (that  J 
is  to  Bay  unreaiBted)    amplitudes  a  and  h,  and  let  each  J 
be    divided   into  the   same  great  number  of  equal  parts,  I 
so  that  one  division  of  a  will  bear  to  one  division  of  ft  J 
the  ratio   of  a  to  h.       Likewise  imagine  both  vibrations  J 
to  commence  simultaneously  from  the  extreme  left  elon- 
gation.     Now  the  time  of  passing  the   first  small   divi- 
sion will  be  the  same  for   both  vibrations,  inasmuch  as 
the  force  (sensibly  constant   through   one  small  division) 
of  the  first  will  be  to  that   of  the  second  as  tt  is  to  ft.    ' 
But  the  spaces  are  likewise  in  the  same  proportion,  and  J 
hence  the    time   of  describing  the  first   division  will  bo  1 
the  same  for  both,  while  tho  velocities  generated  will  be  j 
to  one  another  as  a  is  to  b.     Thus  the  vibrating  bodies  I 
will    enter    their    respective    second  divisions  with    these  J 
relative  velocities,  and  the  forces  in  this  division  are  like-  J 
wise  to  one  another  in  the  same  proportion.      So  that  the  I 
velocities  with   which   tiie  vibrating  bodies   enter   their  I 
respective  second  divisions,  the  forces  they  experience  in  j 
them,  and  the  lengths  of  the  divisions  being  all  in   the  | 
same  proportion,  the  time  of  describing  the  second  divi- 
sion will  be  the  same  tor  both.     This  result  will  hold  for  j 
any  other  division,  and  hence,  as  is  well  known,  the  whole  ] 
times  will  be  the  same  for  both.  ' 

Let  us  now  consider  the  resisting  forces  (supposed  small). 
It  is  clear  that  the  velocity  with  which  the  first  system  I 
enters  any  given  division  will  bear  to  that  with  which  the  1 
second  system  enters  the  corresponding  division  the  ratio  ] 
of  a  to  h,  the  lengths  of  the  divisions  being  likewise  in  thia  I 
proportion.  Now  the  energy  taken  away  by  the  resistance  | 
daring  a  division  will  be  proportional  to  the  resisting 
force  X  length  of  division,  that  is  to  say,  to  the  velocity  x 
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length  of  division,  since  the  force  is  proportional  to  velo- 
city. Hence  the  energy  taken  from  the  firat  By  stem 
in  any  division  or  immber  of  divisions,  in  other  words, 
the  whole  loss  of  energy,  will  be  to  that  taken  from  the 
second  system  in  the  ratio  of  a'  to  I'.  Now  the  whole 
energy  of  a  vibration  is  proportional  to  the  square  of  the 
amplitude,  so  that  we  may  represent  the  energy  of  the  two 
vibrations  by  Ka'  and  K6',  while  ma'  and  mb'  may  repre- 
sent the  loss  of  energy  in  each  due  to  damping.  Hence 
the  energy  left  will  ho  (K  -  my  and  (IC  -  m)b'.  But  we 
may  put  K  -  m  into  the  form  ^  and  hence  the  energy  left 

will  be  K^  and  K^. 
r  p- 

This  will  correspond  to  a  diminished  amplitude  equal 

to  -  and  -,  and  hence  it  follows  that  the  successive  ampli- 
tudes will  always  be  diminished  in  the  same  proportion. 
Now  let  Oi  denote  the  fa'st  amplitude,  then  the  second  will 
be  a,  =  ^,  the  third  a.  =  5,  the  nth  a~  =  ■—»  and  bo  on. 

142.  Logarithmic  Decrement. — Let  A  denote  the  logarithm 
corresponding  to  the  base  e  of  the  proportional  decrement 
P,  then  A  is  termed  the  logarithnaic  docremont.  We  have 
already  shown  that  «„  =  -^,  and  hence  it  follows  that 


Similarly 
Hence 

log/i„=log,ai-(ji-  -l)log^. 
loe«»-.=log^i-  ("1-  Ijlogri'- 

and  hence 

lug,^  -  l0g^=(7i  -  n()logrf)  =  (71 - 

n^)K 

Theory  shows  that  errors  of  observation  have  the  le.-vst 
influence  when  -^  =  e  =  2'718,  or  3  nearly. 

We  can   now  tell  how  much  the  value  of  s  in   the 
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equation  Q  =  ^'^  -  ^  has  been  diminiBhed  by  damping. 
For  suppose  that  by  means  of  a  series  of  experiments  we 
have  determined  X.  Now  s  does  not  represent  the  true 
amplitude  of  the  induction  kick,  but  the  amplitude  after 
the  damping  has  influenced  it  during  half  a  vibraiion.  Let 
Sg  represent  the  true  amplitude,  hence 

>'  =  T(logA-lt>g.»), 

and  hence 

log^^=i\  +  'log^  .  .  ,      (1) 

But,  by  the  nature  of  logarithms. 

Now  «•=!  +  "  +  j^  +  etc.,  and  hence  where  x  is  small 
^  =  \  +  X,  nearly.      Hence 

ei^  =  l  +  JX,  and  finally  So=s(I  +  4'i)  -  .     (3) 

When  great  accuracy  is  required  the  observed  values  of 
the  amplitudes  must  be  reduced  to  numbers  proportional 
to  angular  measure  by  subtracting  ^  (see  VoL  I.  p.  58), 
where  L  is  the  distance  in  scale  divisions  of  mirror  from 
scala 

Example  (Kohlrausch). — Middle  division  of  scale  =  600, 
L  =  2600. 
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,,     Oittndoj     „       „       368-1       ,,      241-6  =-0609 
,,     Uj  anii  Oj    ,,      „      320-9     „     210-0  =  -0614 

Moan  \=  0611 

This  wUI  be  the  value  of  the  logarithmic  decremant  to 
the  base  10.  To  find  it  to  the  base  e  we  must  multiply 
by  the  modulus  of  the  Napierian  eyatem  of  logarithnis. 
Hence 

\,  =  -0611x2'3026=141. 

143.  The  Ballistic  Galvanometer  in  Pradice. — Generally 
speaking,  the  leas  a  galvanometer  is  damped  the  more 
tedious  work  with  it  becomes,  and  hence  one  with  a  very 
small  decrement  should,  if  possible,  be  avoided.  For  many 
purposes  the  high  and  low  resistance  galvanometers 
described  in  Chap.  IV.  are  applicable  when  the  directing 
magnet  is  placed  bo  as  to  give  a  time  of  vibration  of  about 
-five  seconds.  But  for  absolute  measurements  it  would  be 
necessary  to  employ  a  proper  ballistic  galvanometer,  as 
already  described.  To  bring  its  needle  to  rest  a  small  coil 
may  be  employed,  llie  coil  is  fixed  at  the  back  of  the 
galvanometer  case,  and  placed  in  the  circuit  of  a  Leclanch^ 
cell,  provided  with  a  la^r  commutator.  By  pressing 
momentarily  one  or  other  of  the  keys  of  the  commutator 
as  the  needle  passes  its  middle  point,  it  may,  with  a  little 
practice,  be  quickly  brought  to  rest. 

A  difficulty  inseparable  from  the  type  of  reflecting  ^- 
vanometer  employed  in  England  is  that  two  observers  are 
required,  the  one  to  read  the  galvanometer  and  the  other 
to  manipulate  some  apparatus,  which,  owing  to  its  m^netic 
effect  on  the  galvanometer,  muet  be  kept  at  a  distance. 
The  German  subjective  or  telescopic  system  must  therefore 
be  employed  whenever  only  one  observer  is  available,  the 
observing  telescope  being  placed  sufficiently  far  away  from 
the  galvanometer  (see  Vol.  I.  p.  55). 
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Lessox  LXVL — Experiments  on  Damping. 


144.  Apparalua. — A  woodeu  box  (Fig.   172)  with 
gloBB  sliding  door  has  suspended  within  it,  from  the  rod  r, 
l)y  means  of  a  silk  threa<l,  a  bar  magnet  m,  10  cm.  long, 
1  cm.  thick,  and  1  cm.  broad.     A  hole  is  drilled  in 
centre  of  one  of  its  faces  for  the  reception  of  a  hoolt. 
this  hoolc  is  attached  a  galvanometer  minor.     Below 


1 


bottom  of  the  box  there  ta  a  recess,  within  which  plates  Q 
difierent  metals,  all  of  the  same  superficial  area,  may  I 
introduced.  These  plates  aro  of  difTerent  thicknesses,  1 
iu  order  to  bring  the  surface  of  the  metal  to  the  sai 
distance  from  the  magnet  the  thinner  jilates  are  backi 
with  wood  of  such  a  thickaess  that  iUl  the  plates  just  i 
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within  the  recess.  The  magnetometer  (for  the  instrument 
is  such  in  reality)  is  provided  with  the  usual  lamp  and 
scala 

Method. — Set  the  magnet  swinging  without  a  plate 
beneath  it,  in  order  to  ascertain  the  damping  effect  of  the 
air  above.  Calculate  the  logarithmic  decrement,  then  pro- 
ceed likewise  to  ascertain  its  value  when  different  plates 
are  placed  under  the  magnet. 

Example, — Four  plates  of  copper,  whose  thicknesses 
were  in  the  ratio  of  1:2:3:4,  were  employed,  and  a 
brass  plate  was  likewise  used  equal  in  thickness  to  the 
thickest  copper.     The  following  results  were  obtained  :-^ 


Cause  of 

Logarithmic 

Time  taken  to  reduce 

Damping. 

Decrement. 

Amplitude  from  470  to  250. 

Air 

•001483 

22  min. 

13  sec. 

Copper  (1)+  air 

•00359 

7    „ 

10   „ 

Copper  (2)  +  air 

•00518 

5    „ 

10   „ 

Copper  (3)  +  air 

•00667 

3    „ 

55   „ 

Copper  (4)+ ail- 

•00851 

3    „ 

2   „ 

Brass  +  air 

•00620 

4    „ 

20   „ 

The  logarithmic  decrements  due  to  metal  alone  are 
clearly  to  be  obtained  by  subtracting  from  the  logarithmic 
decrement  due  to  metal  and  air  that  due  to  air  alone. 
This  follows  from  the  nature  of  "  logarithmic  decrement." 
Hence  we  have — 


Copper  (1) . 

„       (2)  . 

„       (3)  . 

„       (4)  . 
Brass 


Log.  Dec. 

•00211= 
•00370: 
•00519: 
•00703  = 
•00472 


•00211  X  1 
•00186  X  2 
•00173  X  3 
•00176  X  4 


From  this  we  perceive  that  copper  is  a  better  damper 
than  brass,  and  that  the  logarithmic  decrements  of  the  four 
copper  plates  are  (very  roughly)  proportional  to  their  thick- 
ness, and  hence  to  their  conductivity. 
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Lesson  LXVII. — Determination  of  Resistance  by 

the  Damping  Method. 

145.  Apparatus, — A  low  resistance  galvanometer  whose 
needle  is  not  much  damped;  the  resistances  to  be  com- 
pared. 

Method, — Let 

A«  be  the  logarithmic  decrement  when  the  galvanometer 
terminals  are   disconnected.      This  will  give   the 
damping  due  to  air  alone. 
\  be  the  same  when  the  terminals  are  connected  by  a 
thick  wire  of  negligible  resistance.     Here  the  re- 
sistance Kq  is  that  of  the  galvanometer  alone. 
Aj  be  the  same  when  the  resistance  K^  is  in  circuit 
Ag  be  the  same  „  „  Rg         „ 

Then  observing  that  the  logarithmic  decrement  express- 
ing the  damping  due  to  the  induced  currents  will  be  pro- 
portional to  the  intensities  of  these  currents,  we  shall  have 

Ri_Xo-Xi  ^  \-^(g, 
Kg    Xq  —  X2    ^1  ~  X^ 

We  have  therefore  to  observe  the  four  logarithmic  decre- 
ments given  above.  If  E^  and  Eg  are  very  large  \  and  k^ 
would  be  nearly  equal  to  A.^  and  the  method  would  not 
then  give  accurate  results. 

Example,  — X^  =  -0020,   Xq  =  -1511,   \  =  -1032,   \^  = 
•0667,  also  E2=  1  ohm.     Hence 

T?  _i      '1511 --1032     -0667 --0020 
^-^^  -1511  -  -0667  ^  -1032-  •0020""'^^^* 

146.  The  effect  produced  in  a  coil  by  the  establish- 
ment of  a  magnetic  field  within  it  may  be  regarded  as 
of  the  nature  of  a  transient  E.  M.  F,  Such  a  force  being 
subject  to  Ohm's  law,  will  produce  a  current  which  will 


r 
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be  itiTersely  proportional  to  the  resistance  of  the  circuit. 
On  this  principle  there  is  based  a  method  of  comparing 
reBistauces  which  posseBses  the  advantage  tliat  In  the 
extremely  short  time  during  which  the  discharge  lasts  the 
alteration  of  the  resistance  due  to  heating  will  be  very 
small.  An  instrument  adapted  for  comparisons  by  this 
method  is  called  a  Magneto-Inductor. 

,  Lesson  LXVIII. — Comparison  of  Eeeistances  by  the 
Magneto-Inductor. 

147.  Apparatus. — In  Fig.   173  we  have   a  convenient 

form  of  this  instrumoiit  suit-  

able  for  use  with  a  ballistic 
galvanometer  of  the  type 
used  in  England.  Two  mag- 
nets are  fastened  together, 
with  their  poles  in  the  same 
straight  line,  the  two  north 
poles  being  nearly  in  con- 
tact, and  this  double  mag- 
net is  mounted  in  a  frame- 
work that  is  suspended  after 
the  manner  of  a  pendulum 
by  a  long  metal  strip  from  a 
wooden  support  The  double 
magnet  paaaea  without  con- 
tact through  the  central  hole 
of  the  bobbin  (fixed  to  the 
wooden  upright,  and  thus 
not  moving  with  the  pen-  | 
duliim)  on  which  a  coil  i 
wound.  The  coil  is  half 
the  length  of  the  double 
magnet.  At  the  bottom  of 
the  framework  la  a  bob  by  which  the  iMjndulum  may  bo 
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moved  to  and  fro.  A  ballistic  galvanometer  will  also  be 
required. 

Theory  and  Method, — It  will  be  observed  that  the  limits 
of  the  motion  of  the  pendulum  are  defined  by  the  fixed 
bobbin  coming  in  contact  with  the  framework  of  .the  pen- 
dulum at  either  end.  The  amount  of  oscillation  is  thus 
limited.  Suppose  now  that  the  pendulum  is  suddenly- 
pushed  from  the  one  extreme  to  the  other.  During  the 
whole  of  its  course  the  bobbin  is  leaving  the  one  magnet 
and  approaching  the  other.  Now,  since  these  magnets 
are  placed  so  as  to  have  reversed  polarity,  it  follows  that 
the  induction  current  produced  in  the  bobbin  by  leaving 
the  one  will  be  in  the  same  direction  with,  and  will  supple- 
ment that  produced  in  it  by  approaching  the  other.  The 
induced  current  will  thus  have  a  perfectly  definite  value, 
and  it  will  be  measured  by  means  of  the  ballistic  gal- 
vanometer, with  which  the  bobbin  must  be  connected. 

Now  let  E  be  the  joint  resistance  of  the  bobbin  and 
galvanometer,  and  let  d  denote  the  deflection  when  there 
is  no  other  resistance  in  circuit. 

Also  let  Rj  and  Eg  be  the  resistances  to  be  compared, 
and  d^  and  d^  the  deflections  produced  when  these  resist- 
ances are  respectively  included  in  the  circuit  of  the  magneto- 
inductor  and  galvanometer. 

Hence 


and 

and  hence  also 


R  dry 

R+Ki-t^' 

R     d^ 

R  +  R2     d 

^ri_d  —  di    d^ 
Rg    d  —  d^'d^ 


Lesson  LXIX. — Investigation  of  a  Uniform  Field 

of  Force. 

148.  Apparatus. — An  electro-magnet  provided  with  two 
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large  cubical  pole  piecea.  A  liole  should  pass  right 
through  the  centres  of  the  cubes  from  face  to  back,  aa  iu 
Fig.  17i.  A  hollow  helix  20  cm.  long  and  5  cm,  in  diam- 
eter, a  low  resistance  mirror  galvanometer  fixed  some 
distaDce  away  from  the  magnet.  Battery,  keys,  wires,  etc. 
Cardboard,  iron  filings. 

Method. — Fix  the  electro -magnet  vertically,  and  place 
the  pole  pieces  in  position,  as  in  Fig.  174.  Arrange  the 
circuit  of  the  electro-magnet  and  run  the  connecting  wires 
together  to  prevent  disturbance. 


A  sheet  of  cardboard  must  next  be  placed  over  the 
pole  pieces,  and  by  means  of  the  iron  filings  magnetic  cui-vea 
may  then  be  obtained.  The  lines  of  force  wUl  be  found 
to  he  concentrated  across  the  space  between  the  pole 
pieces  in  a  direction  perpendicular  to  the  opposing  faces 
(see  Fig.  174).  This  region  may  therefore  be  considered 
to  be  a  uniform  field  of  force, 

Next  connect  a  long  straight  wire  with  the  circuit  of 
the  galvanometer  (the  wire  of  p.  01),  and  proceed  with  it 
to  investigate  the  field  of  force  after  the  manner  of  the 
following  experiments  ; — 
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Expmmcnt  I. — The  wire  was  placed  between  the  poll 
pieces  with  its  length  horizontal,  and  ixt  right  angles  to 
lines  of  force.  On  moving  the  wire  from  the  one  poli 
the  other,  keeping  it  always  at  right  angles  to  the  lines  of 
force,  and  arranging  so  that  the  circuit  should  not  cut 
lines  of  foree  when  the  wire  moved,  there  was  no  effect 
upon  the  galvanometer. 

Ex;pefri>mnt   II. —  The    position  being   as   before, 
wire  was  moved  in  the  direction  of  its  length  witboal 
effect, 

Experiment  III. — T!ie  wire  being  aa  before,  it  was  movi 
up  and  down  so  as  to  make  the  circuit  cut  lines  of  foi 
when  a  large  deflection  waa  produced. 

Experiment  IV. — The  pole  pieces  being  turned  so  thai 
the  holes  faced  each  other,  a,  wire  was  passed  tlirough.  th< 
two  holes  so  as  to  lie  along  lines  of  force.  On  moving  thi 
wire  either  in  the  direction  of  its  length  or  in  any  othw 
way,  provided  the  circuit  was  not  made  to  out  lines  of  fori 
there  was  no  effect. 

A  ring  was  now  made  of  ten  turns  of  covered  wire,  thai 
free  ends  being  twisted  together  and  connected  with 
galvanometer,  and  the  action  of  the  magnetic  field  upon  it 
was   ascertained   by  a   second   series   of  experiments 
follows  i — 

Experiment  I. — Tlie  ring  was  placed  vertically  with  its 
plane  parallel  to  the  opposing  polar  surfaces,  and  hence  at 
right  angles  to  the  lines  of  force.  On  moving  it  slightly 
in  its  own  plane,  or  in  the  direction  of  its  axis,  so  as  to  keep 
it  always  parallel  to  itself,  there  was  no  induced  current ; 
but  when  removed  outside  the  region  of  uniform  force, 
there  was  a  large  deflection  in  one  direction,  and  when. 
brought  back  to  its  previous  position,  there  was  an  equali 
deflection  in  the  opposite  direction. 

Es^erimeTif  II. — "iha  ring  being  still  vertical,  but  with, 
its  plane  parallel  to  the  lines  of  force,  no  effect  was  pi 
duced  by  moving  it  in  its  own  plane  or  parallel  to  ita  owi 
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plane.  Tliero  was  likewise  no  effect  when  it  was  so  moved 
to  a  poBition  without  tbe  umform  field  of  force. 

Experiment  III, — The  ring  being  now  placed  horizontally, 
there  was  no  effect  whether  it  was  moved  about  within 
the  miiforna  field  or  removed  outside  of  it,  provided  it  was 
always  kept  horizontal. 

Experiment  IF. — The  ring  being  as  in  Experiment  II., 
was  rotated  about  a  horizontal  axis  (this  being  parallel  to 
the  lines  of  force),  but  no  effect  was  produced.  It  was 
next  rotated  about  a  vertical  axis,  when  a  large  deflection 
resulted.  Finally  it  was  rotated  about  an  axis  passing 
through  its  centre  and  perpendicular  to  its  plane,  without 
any  effect  being  produce<l. 

ExperimeTii  V. — Lastly,  the  ring  was  placed  vertically, 
in  the  position  of  Experiment  I.,  and  rotated  about  an 
axis  at  right  angles  to  the  lines  of  force,  when  a  large  de- 
flection was  produced. 

The  helix  was  now  connected  with  the  battery,  and  a 
piece  of  cardboard  placed  horizontally  within  it.  By 
means  of  iron  filings  the  lines  of  force  were  obtained,  and 
found  to  be  parallel  with  the  axis  of  the  helix,  except  at 
the  ends  of  the  coil,  where  they  diverged.  Assuming,  in 
accordance  with  the  principles  of  p.  329,  that  the  field  of 
force  within  the  coil  is  uniform,  a  eeries  of  experiments 
similar  to  the  above  were  made  with  the  straight  wire  and 
ring  within  the  helix.     These  and  other  experiments  will 

I  be  found  to  agree  with  the  preceding  in  establishing  the 
following  rules  :■ — 
(I.)  If  the  plane  of  the  circuit  be  parallel  to  the  lines 
of  force,  no  E.  M.  F.  results  from  the  motion  of  a 
movable  portion  of  the  circuit,  or  of  the  whole 
circuit  in  any  direction  in  the  plane  of  the  cir- 
cuit, nor  will  any  result  if  the  circuit  be  translated 
into  another  plane  parallel  to  its  first. 
(2.)  If  the  plane  of  the  circuit  be  perpendicular  to  the 
lines  of  force,  so  that  a  number  of  lines  of  force 


PRACTICAL  PHYSICS. 


pass  through  it,  and  if  it  be  turned  or  carrii 
into  any  position,  or  so  altered  that  the 
of  theae  lines  of  force  embraced  by  the  circuit 
increased  or  diminished,  an  induction  cuireat 
will  be  produced ;  the  direction  of  this  current 
caused  by  an  increase  being  in  the  opposite  di- 
rection to  that  caused  by  a  diminution  in  the 
lines  of  force  which  pass  through  the  circuit. 
(3.)  In  a  closed  circuit  no  E.  M.  F.  ia  generated  when  it 
receives  a  motion  of  translation  (not  rotation)  in 
a  uidform  field.  Here  evidently  the  number  of 
lines  of  force  embraced  by  the  circuit  is  the  same 
at  the  end  as  at  the  beginning, 

149.  The  best  example  of  a  uniform  field  of  force  i  _ 
that  due  to  the  earth's  magnetism,  provided  that  we  cott" 
fiue  our  attention  to  a  region  not  too  large.  In  order  b 
see  how  the  earth  acts,  suppose  that  we  have  a  closed  circle 
of  wii'B  lying  horizontally  on  the  table,  and  that  we  attach 
to  it  four  paper  labels  N.,  E.,  S.,  and  \V.,  denoting  magnetic 
north,  east^  south,  and  west.  Next,  keeping  the  point  \~ 
fixed,  raise  the  circle  into  a  vertical  position,  taking  t 
that  the  line  N.S.  shall  rise  parallel  to  itself. 

Now,  in  the  first  place,  there  are  no  lines  of  force  d 
to  the  earth's  horisontal  component  passing  through  the 
circular  area  in  either  position.     Clearly,  then,  there  will 
be  no  induced  cuiTent  due  to  the  horizontal  force. 

On  the  other  hand,  in  its  horizontal  position,  a  number 
of  lines  ot  force  due  to  the  earth's  verliaii  component 
passed  through  the  circle.  This  number  will  be  denoted 
by  VA,  where  V  is  the  value  of  the  vertical  component 
and  A  the  area  of  the  circle.  Again,  in  its  vertical  position, 
there  are  no  lines  of  force  due  to  this  component  passing 
through  the  circle.  " 

Hence,  according  to  the  reasoning  of  Appendix  B,  waJ 
shall,  during  the  time  takeu  to  perform  this  turning  opet 
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tion,  have  a  quantity  of  electricity  Q  flowing  througb  the 
wire  such  that  Q  =  -5-,  in  which  E  is  the  resistance  of  the 
circuit. 

To  find  the  direction  of  this  current  we  have  to  re- 
member that  the  earth's  vertical  component  represents  in 
the  northern  hemisphere  a  south  pole,  on  which  we  are 
looking  down,  and  hence  that  its  molecular  current  may 
be  supposed  to  be  circulating  clockwise.  Also,  the  circle 
being  withdrawn  from  the  lines  of  force,  the  induced  cur- 
rent in  it  will  likewise  circulate  clockwise,  that  w  to  say, 
in  the .  direction  N.RS.W.  We  have  as  yet  only  turned 
our  circle  through  90°,  let  us  complete  other  90"  in  the 
same  direction,  until  the  circle  is  brought  once  more  flat 
upon  the  table. 

It  will,  during  this  second  revolution  of  90°,  have 
regained  those  lines  of  force  which  it  had  lost  during  the 
firstj  and  hence  there  will  be  generated  in  it  a  current 
equal  to  that  which  was  generated  in  it  during  the  first 
90°,  but  in  an  opposite  direction  as  far  as  an  observer 
looking  at  the  circle  from  above  is  concerned.  But  the 
back  of  the  circle  is  now  above  and  the  face  containing 
the  letters  below,  and  hence,  to  an  observer  looking  on  the 
face,  the  direction  of  the  current  in  the  second  quadrant 
will  be  the  same  as  in  the  first 

If  we  continue  the  same  treatment  of  the  circle  through 
another  180°,  we  shall  produce  currents  that  have  the 
same  reference  to  the  back  of  the  circle  that  those  in  the 
first  180°  had  to  its  face,  and  hence  the  currents  in  the 
second  180°  will  be,  with  reference  to  the  face,  the  oppo- 
site of  those  in  the  first  180°,  that  is  to  say,  they  will 
circulate  in  the  direction  N.W.S.E.  and  not  in  the  direction 
N.KS.W. 

A  Httle  reflection  wiU  at  once  show  ua  that  the  result 
would  have  been  the  same  had  the  horizontal  circle  been 
attached  to  an  axis  passing  between  N.  and  S.,  and  then 
made  to  perform  a  complete  revolution.     We 
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that  were  we  to  employ  a  Tertical  axis  inatead  of  a  hori-1 
zontal  one,  we  ghould  obtain  precisely  analogoua  result%l 
only  eauaeil  by  the  horizontal  component  of  the  earth's  B 
force  and  not  by  its  vertical  component.  Here  the  total  ■ 
quantity  Q  for  a  half  revolution  wiil  be 


If  the  coil  consisted  of  not  a  single  turn   but  many! 
windings,  then  every  turn  would  produce  a  quantity  Qj 
hence  if  a  is  the  mean  radius  of  the  coil  and  n  the  number  | 
of  windings, 

The  quantity  «ira-  we  shall  call  the  Area  of  Induction. 

150,  It  is  thus  clear  that  by  turning  the  circle  round'J 
through  180°  about  a  horizontal  axis  parallel  to  the  mag'1 
netic  meridian,  we  get  a  current  which  we  may  call  d,  =  cVjC 
c  being  a  constant  belonging  to  tlie  circle  and  V  the  earth'^B 
vertical  force.  On  the  other  hand,  by  turning  it  througlVB 
180°  round  a  vertical  axis,  we  get  a  current  d^  =  cH,  H« 
being  the  earth's  horizont^  force  and  c  haying  the  Bara«^ 
value  as  before.     Now 

Tangent  dip  =g=^^ 

hence  by  this  observation  the  dip  may  be  ascertained. 
This  method  was  first  suggested  by  Faraday  {Hesearcbes, 
g  3314,  vol.  iv.),  and  Weber  has  shown  that  it  is  capable 
of  good  accuracy,  and  has  devised  an  earth  iiiduclor  for  tha 
purpose  of  the  determination.' 

'  Tim  metlioil  posaessos  seTenil  advantagea  for  a  fixed  o 
over  the  dip  cirtle,  especially  with  regard  to  the  sbart  time 
for  a  complete  obaervation.  For  Weber'a  origins!  noconni 
Ann.,  Bd.  xe.     It  may  be  nientionad  thet  tha  mecliatiician  1  , 

of  Muiiich,  Las  deviaed  an  earth  inductor  adapted  for  obsecratory  wort  J 
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Lesson  LXX. — Use  of  Earth  Inductor. 

151,  Apparatus. — Fig.  175  exhibits  an  ordinary  Dele- 
zenne  circle  that  may  be  adapted  for  the  purpose  of  an 
earth  inductor.  The  ends  of  the  eircdar  coil  C  should  be 
connected  with  the  binding  screws  directly  by  thin  coiled 


wires  iuatead  of  through  the  split  ring  commutator,  wliich 
is  unsuitable.  The  coil  C  ia  mounted  ao  as  to  revolve 
within  the  wooden  framework  by  turning  the  liandle  A. 
Tlie  wooden  framework  ia  itself  mounted  so  aa  to  revolve. 
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We  must,  however,  limit  tlie  play  of  the  eoil  by  screwing  J 
blocks  of  wood  on  the  bar  ab,  bo  that  the  coil  can  only  bel 
rotated  through  180°.  The  base  should  also  be  provided) 
with  levelling  screws. 

For  the  observ.ition   a,    low  resistance  mirror  gi 
omoter  with  negligible  logarithmio  decrement  and    loug,l 
time  of  vibration  should  be  employed.  w 

Method.— (l.)  Turn  ahcd  and  C  until  both  are  horizontal,  1 
and  by  the  aid  of  a  compass  needle  place  the  axis  of  G  inM 
the  magnetic  meridian,     (2.)  Place  a  striding  level  on  thoj 
frame  ahcd  from  axis  to  axis,  and  level  this  axis.      (3.)1 
Level  the  axis  of    0  and  clamp  the  framework  by  the! 
milled-head   screw   seen  at   the   top  of   the  right-hand  \ 
upright     (4.)  Take  a  Beries  of  readings  with  the  inductor 
turned  throiigh  180°,  first  in  one  direction  and  then  in  the 
other.     The  kicks  of  the  current  on  the  galvanometer  will 
be  proportional  to  V.     (5.)   Place  ahcd  and  the  coil   0 
vertical  by  turning  through  90°,  as  observed  by  the  index 
n.     (6.)  Make  observation  of  the  value  of  H  by  alternate   ■ 
semi-rotations  as  before. 

Umtnple. — Mean  value  of  (ij  =  112'T,  mean  value  ol 
d„  =  43,  hence  the  dip  =  "^■-  =  2-621,  dip  =  69°  7'. 

152.  Bowland's  applicatjon  of  the  Eaiih  /)M?)tf(w.^— The   ' 
eijiiation 

"-'-^"^ ™ 

suggests  an  exceedingly  useful  application   of  the  earth 
inductor.     By  its  means  we  can  aaceitaiu  the  strength  in 
absolute  measure  of  a  magnetic  field.     For  if  the  coil  be   [ 
cDimected  with  a  ballistic  galvanometer,  then 

where  U  is  the  total  resistance  in  the  cii'cuit,  0  the  deflec- 
'  8eo  Fh.il.  Mag.,  vol.  Jtlvi.,  1873. 
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tion  produced  by  the  rotation  of  the  coil  through  180^ 
and  k  the  ballistic  constant  of  the  galvanometer.  Suppose 
now  that  it  is  required  to  measure  the  strength  of  a 
particular  field  H',  between  the  poles  of  a  magnet  for 
instance.  It  would  only  be  necessary  to  include  in  the 
circuit  of  the  earth  inductor  a  second  or  test  inductor, 
placed  between  the  poles,  which  latter  in  practice  would  be 
much  smaller  than  the  earth  inductor.  This  second 
inductor  would  be  placed  in  the  proper  position  with 
regard  to  the  field  H'  and  turned  through  180°.  We 
should  similarly  have 

g = A:  sill-         .         .         .         .     (3) 

Where  n'lra'^  is  the  area  of  induction  of  the  test  coil  and 
&  the  deflection.  From  (2)  and  (3),  supposing  the  test 
inductor  to  have  been  in  circuit  when  0  was  observed, 

.    e_ 

'Rnira?  2     d  , 

sin  2 

where  d  and  d'  are  the  observed  deflections  in  scale  divi- 
sions of  the  mirror  galvanometer  used,  or 

H'=H^,.^'        .        .        .        .     (4) 

This  equation  allows  us  to  compare  directly  the  intensity 
of  the  field  H'  with  the  horizontal  intensity  of  the  earth's 
magnetism. 

153.  Use  of  Long  Helix  (Thomson). — In  the  above 
article  use  has  been  made  of  the  uniform  field  of  the  earth, 
but  we  have  already  pointed  out,  p.  329,  that  in  the 
middle  of  a  long  helix  conveying  a  current  the  field  may 
be  regarded  as  uniform,  and  having  a  value 
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where  N  is  the  number  of  turns  per  centimetre  of  lenglfci 
Hence  in  the  previous  equation  (4)  we  may  Bubstitute  tl 
value  4ffNC  for  H.  In  this  ejcpression  we  assume  that 
the  value  of  C  is  known.  This  method  ia  often  more 
convenient  than  the  last  one,  and  it  Las  fui'ther  the  advan- 
tage that  instead  of  a  movable  test  coil  we  may  use  a  fixed 
one  ■wound  outside  ike  middle  of  the  long  helix.  For  when  the 
circuit  of  the  helix  ia  broken  an  induced  current  is  generated 
due  to  irNO  x  area  of  induction  of  the  fixed  coil,  the  lines 
of  force  being  suddenly  withdrawn  from  its  circuit  In  thia 
latter  case 


ngtkj^^l 

i  thsJ^H 

that  ^* 


H'  =  i7rNC    -,   - 


where  nira"^  is  the  area  of  induction  of  the  fixed  coil  and 
d'  the  deflection  produced  when  the  circuit  is  broken.  It 
must  be  noticed  that  owing  to  the  linos  of  force  being  only 
once  irithdrawn  from  the  helix,  the  right-hand  member  (J 
the  last  equation  has  been  divided  by  2, 

154.  Tlie  Trapeze  Earth  Iiuluclor. — In  the  absence  of  s' 
proper  earth  inductor  a  simple  form  may  be  used.  Thia 
consists  of  a  wooden  rod  about  2  metres  long,  having  holes 
at  each  end  One  end  of  a  piece  of  thin  copper  wii-e,  6 
metres  long,  is  passed  tlirough  each  hole,  so  that  2  metres 
of  the  wire  lie  along  the  rod  and  3  metres  are  used  at 
each  end  for  the  suspension  of  the  rod,  trapeze  fashion,  from 
the  ceiling.  The  upper  enda  of  the  wire  are  connected 
with  leading  wires  fixed  so  that  they  may  not  be  disturbed 
by  the  swinging  of  the  trapeze.  Four  uprights  are  fixed 
to  the  floor,  two  on  either  side  of  the  trapeze,  for  the  pur- 
pose of  limiting  its  swing.  The  uprights  on  the  one  side 
are  removed  from  the  position  of  verticality  exactly  as  far 
as  those  on  the  other.  "When  in  use  the  bar  ia  lifted  up 
against  two  of  the  stops  and  thrown  towards  the  other 
stops,  where  it  should  be  caught  and  held.  During 
movement  the  conductor  fixed  along  the  rod  crosses  jA^ 


t 
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lines  of  force,  where  I  is  the  length  of  the  horizontal  wire, 
h  the  distance  between  the  stops,  and  V  the  vertical  com- 
ponent of  the  earth's  magnetism.  The  value  of  the  hori- 
zontal component  does  not  enter  into  the  question,  for 
although  the  vertical  wires  cut  the  horizontal  lines  of  force, 
they  do  so  in  siich  a  manner  that  the  currents  generated 
on  the  one  side  of  the  vertical  position  are  equal  and 
opposite  to  those  generated  on  the  other,  and  hence  destroy 
each  other.  It  follows  therefore  that  the  rod  may  be 
placed  in  any  azimuth.     The  equation  for  this  inductor  is 

d'"  being  the  deflection  produced  by  the  movement  of  the 
;  trapeze. 

Lesson  LXXI. — Compariaon  of  Magnetic  Fields. 

155.  Exercise. — To  find  the  value  in  absolute  measure 
of  the  field  between  the  poles  of  an  electro-magnet  by  the 
three  above  methods. 

Apparatus. — (1.)  An  Earihrlndvdm: — The  one  in  use  at 
Owens  College  consists  of  a  lai^e  hoop,  of  circumference 
206'2  cm.,  wound  with  a  number  of  separate  coUs.  Dur- 
ing the  winding  of  the  coils  the  circumference  of  each 
layer  was  measured  after  the  manner  of  Kayleigh  and 
Schuster'  by  a  steei  tape  measure.  The  mean  of  the 
measurements  gives  the  outside  of  the  mean  circumference. 
To  find  the  axial  length  of  the  mean  circumference  correc' 
tion  must  be  made  for  the  thickness  of  the  wire.  From  the 
corrected  circumference  the  mean  radius  is  obtained,  which 
with  the  number  of  windings  will  give  the  necessary  in- 
formation regarding  the  inductor.  (2.)  A  helix  for  itniform 
field. — This  may  consist  of  a  stout  glass  tube  about  50  cm. 
long  and  4  cm.  diameter.     It  is  provided  at  its  ends  with 


PRACTICAL  PHYSICS. 


two  large  corks,  so  as  to  form  a  very  large  reel.     Upon  this 
ia  wound  two  layers  of  No.  20  covered  wire,  there  being 
altogether  about  500  turns.     Thiawill  give  about  10  turns 
per  cm.     Around  its  middle  should  be  wound  about  50 
turns  of  No.  38  wire,  having  an  area  of  induction  of  about 
800  square  cm.      (3.)  Movable  festing-coU. — To  mate  tliia  an 
ebonite  ring  of  37  mm.  internal  diameter  should  be  turned, 
and  also  a  small  reel  of  30  mm,  outside  diameter,  which 
will  easily  pass  within  the  ring.     Wind  the  reel  with  about 
50  turns  of  No.  28  wire,  and  fasten  two  brass  pivots 
the  reel.     Make  holes  in  the  ring  for  the  i)ivot8,  in  ordf 
that  the  reel  may  be  rotated  witliin  the  ring.      ~ 
strings  to  the  reel  for  the  pui'pose  of  turning  it  throu(_ 
180°,  the  semi -revolution  a  being  determined  by  suitably" 
placed  stops,      (i.)    2'he   trapeze  induclor. — ^Thia  will  not 
require    further    explanation.       (5.)  Ulectro-vmffnel. — This 
should  be  provided  with  pole  pieces.     (6.)  Oth^-  apparatus. 
— Tangent   galvanometer   of  known    constant,   apparatus 
tor  ascertaining  the  dip  and  horizontal  force,  keys    and 
batteries,  low  resistance  galvanometer,  low  resistance  coils. 
Method. — On  account  of  the  nature  of  the  operations  of 
this   lesson    three    students    should   work  together,     Tho 
necessary  arrangements  are   as  follows: — {1.)  Place  tho 
electro-magnet  some   distance  from  the  galvanometer, 
between  its  poles  the  test  coil  in  the  iJoaition  previout 
explained.    Arrange  a  oirciiit  of  Grove's  cells  with  plug  ki 
for  charging  the  magnet.      (2.)   Fix  up   the  trapeze   am 
coil   earth  inductors.     (3.)  Connect  all  the  inductors 
series  with  the  galvanometer.     (4.)  Connect  the  long  helix 
with  a  battery  plug  key,  tangent  galvanometer,  and  low 
resistance  box.     (5.)  Test  the  inductive  kicks  and  modi' 
the  conditions,  such  as  the  strength  ot  helix  current,  tl 
number  of  the  coils  of  the  earth  inductor  used,  etc.,  so  th( 
the  deflections  are  all  readable  on  the  galvanometer  set ' 
without  alteration  of  tho  total  resistance  in  the  circuit 
the  latter. 


'"■^^ 
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The  necessary  observations  are — (1.)  The  movable  test 
coil  should  be  turned  several  timea  through  180",  and  the 
deflections  observed.  Let  the  mean  deflection  be  if.  (2.) 
Repeated  observations  should  be  made  with  the  coil  earth 
inductor  in  order  to  obtain  d.  (3.)  Break  the  circuit  of 
the  long  helix  in  order  to  obtain  d".  Observe  also  the 
deflection  on  the  tangent  galvanometer  and  calculate  C. 
Kemember  that  C  must  be  in  0.  G.  S.  units,  (4.)  Obtain 
d'"  by  the  trapeze.  (6.)  Ascertain  the  magnetic  dip  (8)  in 
the  region  of  the  trapeze,  and  also  the  value  of  H,  Col- 
cidate  V  from  the  equation  V  =  H  tan  S.  (6.)  Find  H  in 
the  region  of  the  coil  earth  inductor,  {7.)  (a)  Calculate 
from  the  known  number  of  turns  and  radii  the  areas  of 
induction  of  the  coil  inductors,  and  from  V,  I  and  h  the 
area  of  induction  of  the  trapeKC.  (6.)  Calculate  the  value 
of  the  strength  of  the  field  iu  the  helix  from  the  expres- 
"on  4jrNC.     (e.)  Find  H'  from  equations  (i),  (5)  and  (6). 

All  these  esi>erinients,  if  properly  conducted,  will  bo 
found  to  give  very  nearly  the  eaiue  strength  for  the  mag- 
netic field. 

156.  ApplkoiioH    of   Iiiduced    Cuirents    to    the  Study  of 

Magiidic  Diskilmtion In  Chap.  II.  several  methods  for  the 

study  of  magnetic  distribution  have  been  given,  and  it  was 
remarked  that  these  methods  are  inexact.  They  have 
given  place,  therefore,  to  the  method  of  induction  currents. 
A  thin  coil  is  made  to  surround  closely  the  axis  of  the 
magnetised  bar  under  experiment.  The  coil,  which  is  con- 
nected with  a  ballistic  galvanometer,  ia  moved  by  successivo 
short  steps  along  the  bar.  The  inductive  kicfe  produced 
by  each  movement  must  be  noted.  The  exact  meaning  of 
these  will  be  explained  In  the  following  lesson. 


Lesson  LXXII. — Study  of  Magmetio  DiBtributioa. 
157.  Ea-^rcm. — To  apply  the  method  of  induced  currents 
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to  the  case  studied  by  Rowland,^  of  a  long  Boft  iron  bar^' 
magnetised  by  a.  magnetising  helix,  placed  at  the  end  oE' 
the  bar. 

Ajiparalus.- — Fig.  176  shows  a  conTenient  arrangement 
A  bar,  cc',  graduated  into  centimetres,  is  supported  by 
passing  it  through  a  hole  in  each  end  of  the  brass  uprights 
iised  to  heavy  metal  bases.  The  bar  is  of  the  softflst 
Lowmoor  iron,  CO  cm.  long,  and  6  mm.  diameter,  tliat  has 
been  well  annealed  by  having  been  heated  to  redness,  and 
then  slowly  cooled  in  a  gaa  combustion  furnace,  such  aa  ia 
used  for  oi^anic  chemical  analysis.  At  the  ends  (shown 
unshaded)  are  two  short  bra^s  bars  of  the  same  diameter  as 
the  iron  rod.     These  are  for  the  purpose  of  allowing  tha     I 


whole  length  of  the  iron  to  be  brought  under  experiment^ 
without  using  the  ends  as  places  of  support.     For  magnet- 
ising  purposes  there  is  a  bobbin  B,  wound  with  400  turns 
of  No.  20  wire.     This  may  be  clamped  at  any  part  of  the 
bar.     A  smaller  reel  of  ebonite  h,  wound  witli  fine  wire,  ia 
employed  as  the  indiKtion  coil.      This  ia  allowed  to  play 
between  two  brass  guides  ;  the  range  of  the  play  may  t*  - 
changed  by  sliding  the  guides  more  or  less  apart  and  thea  J 
clamping  them  by  means  of  the  appropriate  screws.     When 
b  is  required  to  be  fixed  it  may  be  secured  by  a  clamp 


4 
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'  See  "Studies  of  Magna  tic  Distribution,"  by  H.  A.  Rowland,  fAiJ. 
ifag.,  1875,  Tol.  ].  pp.  2E7  and  318.    Tlie  niothad  of  applj-iug  iiiduded   . 
ctuTentB,  thongli  freqn Gil tly  called  Rowlaud'a  incthixl.  van  origtnsllj   ' 
lUBil  by  Van  Keea  in  1847. 


r 


>■] 


ELECTRO-MAGNETIC  INDUCTION. 


I 


The  galvanometer  should  he  an  ordinary  low  resiatance 
galvanometer  (p.  146).  A  constant  battery  provided  with 
a  commutator  and  a  hox  of  coils  will  be  neceesary. 

Method. — The  apparatus  being  fixed  some  distance  away 
ftom  the  galvanometer,  and  the  iron  bar  having  its  length  at 
right  angles  to  the  magnetic  meridian,  testa  ahoidd  be  made 
to  see  whether  the  iron  bar  Is  ftee  irom  residual  magnetism. 
(It  is  supposed  that  the  current  is  not  passing  through  B.) 
To  do  this  move  the  induction  coil  along  the  bar.  If  a 
deflection  is  produced,  the  bar  must  be  demagnetised  by 
hammering  its  ends.  It  will  be  difScult  to  remove  the 
whole  of  the  residual  magnetism  in  this  manner.  A  more 
effective  process  is  as  follows  : — Move  B  to  different  parts 
of  the  bar,  and  send  currents  first  in  one  direction  and 
then  in  the  other  by  means  of  the  commutator,  which 
currente  should  be  made  to  decrease  gradually  in  inten- 
sity by  the  gradual  introduction  of  resistance  into  the 
battery  circuit. 

The  helix  E  is  now  placed  at  one  end  of  the  bar, 
which  should  {when  the  circuit  of  B  is  complete)  be  nor- 
mally magnetised.  Commencing  at  either  end  of  the  bar, 
the  induction  coil  is  rapidly  moved  between  the  guides, 
and  the  inductive  kicks  observed  for  the  several  centimetre 
lengths.  A  curve  should  then  be  drawn,  ivith  the  dis- 
tances from  the  end  of  the  bar  aa  absciss£ej  and  the  deflec- 
tions as  ordinates.  This  curve  will  show  the  required 
distribution. 

A  conception  of  the  meaning  of  these  measurements  may 
be  obtained  by  considering  that  lines  of  vtagnetio  itidiuUion 
are  entering  the  magnetised  end  of  the  bar.  After  passing 
down  the  bar  a  certain  distance  some  of  these  lines  will 
pass  into  the  air.  There  will  thus  be  two  paths  at  every 
Bection  of  the  rod  open  to  the  lines,  either  to  pass  farther 
down  the  rod  or  to  pass  into  the  air.  Suppose  now  that 
the  induction  coil  be  fixed  at  any  position  x  from  the  end 
of  the  bar,  and  that  the  current  be  suddenly  stopped ;  a 
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very  large  deflection  will  be  produced,  proportional  to  thfr 
flow  along  the  bar  at  the  point  x.  If  the  induction  coil 
placed  at  a  diatance  x  +  dr,  and  the  experiment  be  repeated, 
the  difference  between  the  two  deflections  will  be  propor- 
tional to  the  number  of  lines  that  have  escaped  into  the  air 
through  the  distance  dz.  These  air  lines,  for  a  distance 
equal  to  the  depth  of  the  coil,  may  be  supposed  to  be  per- 
pendicular to  the  bar,  hence  when  the  coil  is  moved  from 
the  position  xU>x  +  dx,\%  will  at  the  end  of  its  path  em- 
brace fewer  lines  of  force  of  the  magnet,  by  a  quantity 
equal  to  those  that  have  escaped  into  the  air,  between  the 
points  X  and  x  +  dx.  The  current,  therefore,  produced  by 
moving  the  induction  coil  from  xiox  +  dx,  will  be  the  same 
as  that  obtained  by  taking  the  difference  of  the  currents 
at  the  same  two  points  in  the  previous  demagnetisation 
experiments.  Further,  if  instead  of  demagnetising  the 
bar  the  coil  were  moved  to  a  very  distant  position  by 
sliding  it  oif  the  bar,  first  from  x  and  then  from  x  +  das, 
the  diflerence  of  the  inductive  kicks  should  be  tli 
as  before. 

In  making  the  demagnetisation  experiment  no  good; 
agreement  will  be  practically  found  between  it  and  thtt' 
other  methods.  This  wiU  be  owing  to  the  fact  that  on  the- 
current  being  stopped  in  K  the  bar  does  not  fall  to  a 
zero  of  magnetisation.  To  get  rid  of  the  effect  of  the 
residual  magnetism,  instead  of  breaking  the  current  it 
should  be  reversed.  This  will  give  a  deflection  double  of 
the  required  amount,  but  which  will  be  free  from  thiq 
source  of  error. 

(C.)  Meamrenienls  of  Induction  Coeffidenls. 

158.  Definiiion  of  Coefficient  of  Selflndudim.—Vihea  a 
current  is  started  in  a  cod  a  small  time  t  must  elapg 
before  it  establishes  a  constant  condition.      It  must  noty] 
however,  be  imagined  that  during  this  time  t  there  is  i 


1 

3ilb»^^H 
iated,   ^^^ 
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uniform  rate  of  increase  of  the  current  We  may,  never- 
theless, suppose  the  time  t  to  be  divided  into  a  great 
number  n  of  equal  parts,  any  one  of  which  is  bo  small 
that  the  rate  of  increase  of  the  current  is  virtually  con- 
stant throughout  this  interval  Now  let  r^  represent  the, 
Tale  of  iiua-ease  of  the  current  during  the  first  of  these 
intervals.  Then  we  know  that  this  will  cause  an  electro- 
motive force  e^,  and  that 

Here  L  may  be  defined  as  the  coefficient  of  self-induction. 
It  follows  from  this  expression  that 


denotes  the  quantity  of  induced  electricity  that  passes, 
while  "■!-  denotes  the  whole  current  generated  during  this 
small  interval,  R  being  the  resistance  of  the  circuit.  Sum- 
ming up  for  n  such  intervals,  we  have 


3  —  may  be  regarded  as  the  avei-age  induced  elcctrortwtive 
force,  and  —  as  the  average  rate  of  increase  of  the  current^ 
'hile  — T  will  denote  the  whole  current  established.  If 
the  current  established  be  unity,  then  ^  will  be  the  whole 
quantity  of  induced  electricity,  while  if  the  resistance  be 
likewise  unity  this  quantity  wOl  be  denoted  by  L.  The 
same  reasoning  will  apply  to  the  case  when  a  current  is 
broken.  L  may  therefore  be  defined  as  the  qvanlity  of  induced 
or  extra  electricUg  Khich  is  niade  to  circulate  in  the  coil,  harring 
wnit  resistaiux  hi  its  cinml,  hj  making  or  breaking  unit 
current. 
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Lesson  LXXIII.^Determinatioa  of  Coeffloient  of   , 
Self-induction.  ^ 

159.  Efeuise. — To  find  L  for  a  large  coil  of  60  cc 
diameter,  which  has  been  wound  with  all  the  necesaaiy  J 
precautions,  and  whose  constants  are  known. 

Ajrparatus. — BaUistic  galvanometer,  Wheatatone'a  bridge 
apparatus,  extra  lesistance  coils. 

Practice  of  the  Method. — Let  the  coil  whose  coefficient 
is  required  be  placed  in  the  arm  CD  (Fig.  177)  of  the 
Wheat3tone's  bridge.  When  a  balance  is  obtained  by  first 
making    the    battery  circuit  and  then   the    galvanometer 


circuit,  there  is  no  current  in  tlie  latter,  provided  that 
the  usual  relation  between  the  arms  is  satialied.  But 
if  the  galvanometer  circuit  be  first  closed  and  then  the  . 
battery  circuit  be  closed  or  opened,  the  galvanometer  needle  . 
will  receive  an  impulse  which  will  depend  on  L.  If  ths  1 
current  that  becomes  permanently  established  in  the  coil  J 
is  X,  then  a  quantity  of  dedncity  will  be  developed,  of  which  I 
a  portion  passes  through  the  galvanometer. 

To  obtain  a  quantity  with  wliich  to  compare  the  im*j 
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pulse  due  to  L,  the  balance  is  made  incorrect  by  altering 
the  resistance  S  so  as  to  disturb  the  balance  for  permanent 
cuirenta.     Let  S  be  increased  to  S  +  6S. 

Maxivell  has  shown  that  under  these  circumstances  we 
may  assume,  when  SS  is  small,  that 

T.iS/.      >.>2flinin 

in  which  a.  ia  the  kick  produced  by  induction,  and  6  the 
steady  deflection  produced  when  the  balance  ia  disturbed. 

In  practice  it  is  found  better  that  (1)  the  current  instead 
of  being  broken  or  made  ia  reversed.  This  doubles  the 
value  of  a,  and  hence  the  reading  is  more  a:ccurate.  More- 
he  battery  ia  kept  more  constant  than  it  would  be 
if  sometimes  left  in  open  circuit.  (2.)  The  variation  of  BS 
should  be  secured  by  a  multiple  arc  arrangement.  "When 
~  'g  made  equal  to  Q  the  disturbance  of  the  balance  may 
be  made,  if  we  choose,  in  the  arm  BD,  by  using  two  resist- 
i  boxes  Ej  and  Ej,  as  shown  in  the  figure.  (3.)  The 
observations  of  a  and  0  should  be  alternated  several  times 
0  eliminate  any  error  due  to  variations  of  the  battery. 

Bxample  (Eayleigh), — The  ballistic  galvanometer  had  a 
resistance  of  80  ohms.  The  scale  was  divided  into  milli- 
metres and  placed  at  a  distance  of  218  cm.  from  the  gal- 
vanometer mirror.  Correction  for  damping  =  1'0H2. 
=  Q  =  10,  The  coil  whose  self-induction  was  required 
was  nearly  24  ohms.  Rj  was  made  equal  to  24  ohms,  and 
between  B  and  D  a  resistance  Ej  of  753  ohms  was  placed 
in  multiple  arc  with  Rj,  this  gave  a  permanent  balance. 
Hence  the  combined  resistance  between  B  and  D  is 

R     21    76a     £3 '256 

R=23-259. 

r  The  'balance  was  then  disturbed  by  substituting  853  ohma 
for  the  753  ohms  :  hence 
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and 


R+5R=23-343, 

5R=5S=-0845 
,  after  all  corrections,  =  1  '531 


T= 11 -693  seconds. 


A  small  correction  was  made  for  the  ratio  of  «'  to  x,  that 
is  to  say,  of  the  new  current  x'  passing  through  CD  when 
the  balance  is  disturbed,  and  x  the  undisturbed  value  of 
the  same,  by  supposing  that 

10  +  23-259 


X 
X 


10  +  23-343" 


The  above  resistances  are  in  BA  units.     To  correct  to 
true  ohms  the  multiple  '987  was  adopted. 


5S 


log      •08463x109=7-92701 


Correction  to  absolute  units  log      '987 
2  sin  ia  :  tan  0  ,        .  ' 

Correction  for  finite  arcs  . 
Correction  for  damping  . 
Time  of  vibration 

Ratio  of  currents 


log      -987 

=  1-99432 

log    1-531 

=   -18498 

log      -99925 

=  1-99967 

log    1-0142 

=    -00612 

log  11-693 

=  1-06793 

log  x*lx 

=  1-99886 

9-17889 

log  27r 

.     -79818 

log  L    . 

.  8-38071 

or  L= 2-4028  x  10^  centimetres. 

This  value  was  found  to  agree  with  that  obtained  by  direct 
calculation  from  Maxwell's  formula. 


Lesson  LXXIV. — Comparison  of  Two  Ooeffloients 

of  Self-induction. 

160.  Exercise. — To  compare  the  self-induction  of  the 
standard  coil  of  the  last  lesson  with  a  second  coil,  such  as 
that  of  the  induction  balance  of  Hughes. 
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v^jijwwniiw.— Instead  of  the  ballistic  galvanometer  of  the 
last  lesson  we  shall  require  an  oFiiinary  galvanometer  of 
high  sensibility. 

Praelice  of  ilie  Method. — Eef erring  to  Fig.  177,  the  coil 
of  coefficient  L',  which  is  to  be  compaied  with  the  Gtand- 
ard  coil,  is  placed  in  the  arm  BD. 

The  condition  for  no  permanent  current  is 

RQ-SP (I) 

and  Maiwell  has  ahown  (vol.  ii.  art.  757)  that  tliu  condition 
for  no  transient  current  is 


Suppose  that  S  and  Q  are  fixed,  we  have  to  find  values 
of  P  and  K  which  will  satisfy  both  (1)  and  (2).  To  satisfy 
(I)  any  number  of  values  may  he  found,  but  there  is 
only  one  valae  of  P  and  one  value  of  E  which  will 
satisfy  both. 

The  beat  procedure  in  practice  will  therefore  be  as 
follows; — (1.)  With  P  and  E  lai^e  note  the  direction  of 
induction  kick.  (2.)  With  P  and  E  sufficiently  small 
again  note  the  direction  of  the  kick,  which  ought  now  to 
be  in  the  opposite  direction.  (3.)  Having  thus  obtained 
limits  between  which  the  proper  values  lie,  P  and  E  are 
adjusted  until  the  balance  is  obtained. 

Example.— S  =  1000  +  coil  (of  self-induction  L)  =:  1021  ■4. 
Q  =  1000.  These  were  kept  fixed.  P  waa  put  =  1000,  and 
K  adjusted  until  the  Imlanco  was  obtained  for  permanent 
currents.  The  induction  kick  was  +  300,  P  was  now 
made  10,  and  E  again  adjusted  ;  the  induction  kick  was 
now  -  50.  A  change  of  990  in  P  thus  caused  a  change  of 
350  in  the  deflection ;  but  as  we  require  a  change  of  300 
to  give  no  inductive  kick,  tha  true  value  of  P  should  be 
about  10  +  "f<^=150  nearly.  Several  such  adjustments 
showed  that  the  true  balancing  value  of  F  was  144  ohms. 


396 


PRACTICAL  PHYSICS. 


[oh. 


R  had  then  the  value  of  140  + coil  of  self-induction  L' 
=  147-35.     Then 

L     1000 _    1 
L'""  144  ~ -144' 

161.  Definition  of  Coefficient  of  Mutual  Induction, — Sup- 
pose that  we  have  two  adjacent  coils,  A  and  B,  and  that  a 
current  C  be  started  in  A,  whilst  the  ends  of  B  are  con- 
nected. There  will  be  a  quantity  of  induced  electricity 
passing  in  B  during  the  establishment  of  the  current  in  A 

equal  to 

MC 
~^' 

where  M  is  the  coefl&cient  of  mutual  induction  of  A  on  B, 
or  of  B  on  A,  and  E  is  the  resistance  of  the  circuit  of  B. 


Lesson  LXXV. — Comparison  of  Self  and  Mutual 

Induction  Ooeffloients.^ 

162.  Exercise, — ^To  find  M  for  two  coils  such  as  those 
of  an  induction  balance,  the  L  of  one  of  which  has  been 
previously  determined. 

Apparaius  as  in  the  last  lesson. 

Practice  of  the  Method, — In  the  S  arm  (Fig.   178)  of 


Fig.  178. 

the  bridge  is  connected  the  coil  L,  whose  self-induction  is 

^  Maxwell,  vol.  ii.  art.  756. 
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known,  whilst  the  adjacent  coil  M  is  connected  with  the 
points  A  and  D.  Neglecting  at  present  the  resistance  W 
connecting  A  and  D,  we  have,  according  to  Maxwell, 

S 


=  -(n-g)M        .        .        .        .     (1) 


In  practice  we  must  have  recourse  to  a  double  adjust- 
ment to  obtain  a  balance  both  for  permanent  and  transient 
currents,  as  in  the  previous  example.  But  all  this  trouble 
will  be  avoided  by  using  an  extra  branch  W,  whose  resist- 
ance is  adjusted  until  there  is  no  transient  current.  The 
formula  in  this  case  is — 

^=-h+i+^i**-     •     •     •  (2) 

163.  Comparison  of  two  Coefficients  of  Mutual  Induction,^ 
— Suppose  that  coils  A  and  B,  whose  coefficient  of  mutual 
induction  is  M,  are  to  be  compared  with  two  coils  A'  and 
B'  of  coefficient  M'.  Place  A  and  A'  in  series  with  a 
battery.  Place  resistance  boxes  in  the  circuit  of  B  and  B' 
respectively,  and  let  the  induced  currents  produced  in  B 
and  B'  be  sent  in  opposite  directions  through  a  galvan- 
ometer. The  arrangement  will  be  best  understood  by 
referring  to  Fig.  21,  Appendix  D,  and  substituting  the 
coils  L  and  L'  for  the  two  cells.  By  adjusting  the  resist- 
ances in  the  circuit  of  B  and  B'  to  R  and  R',  so  that  there 
is  no  current,  then 

MR 

M'~R'' 


^  Maxwell,  vol.  ii.  art.  766. 


CHAPTER   VIII. 
THE  CONDENSER. 

164.  A  CONDENSER  for  the  purpose  of  this  chapter  may 
be  considered  as  consisting  of  a  number  of  sheets  of  an  in- 
sulating material,  arranged  alternately  with  sheets  of  a 
conducting  material,  the  first,  third,  fifth,  etc.,  sheets  of 
the  latter  being  connected  together  so  as  to  form  one  coat- 
ing or  ai^nature  of  the  condenser,  and  the  second,  fourth, 
sixth,  etc.,  sheets  being  also  connected  together  to  form 
the  other  coating  or  armature.  When  the  armatures  are 
connected  with  the  terminals  of  a  battery  the  condenser 
becomes  charged^  but  may  be  discharged  by  short-circuiting 
its  armatures,  so  as  to  bring  them  to  the  same  potential. 

If  E  be  the  E.  M.  F.  of  the  battery,  and  Q  the  quantity 
of  electricity  the  condenser  retains,  then 

Q=EF (1) 

where  F  is  the  capacity  of  the  condenser.^  In  a  con- 
denser the  one  armature  becomes  charged  with  positive 
and  the  other  with  negative  electricity,  but  what  we  regard 
in  estimating  Q  is  the  positive  current,  which  may  be 
supposed  to  flow  from  the  positive  to  the  negative  armature 
when  a  connection  is  established  between  them.     In  like 

^  C. ,  E.  and  R.  are  the  well  recognised  abbreviations  for  current, 
E.  M.  F.  and  resistance ;  but  for  capacity  there  is  no  special  symbol. 
We  shall,  as  a  rule,  follow  Kempe  in  using  F  (the  first  letter  of  Farad). 
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manner,  in  a  voltaic  circuit,  we  always  speak  of  the  positive 
current.  The  relation  (1)  will  enable  us  to  define  the  unit 
of  capacity  as  that  of  a  condenser  which,  when  charged 
with  one  coulomb  of  electricity,  has  a  difference  of  potentials 
equivalent  to  an  E.  M.  F.  of  one  volt  between  its  poles. 
The  unit  so  defined  is  the  Farad.  Its  theoretical  value 
is,  therefore, 

Farad=5^Hl25^^1^^  =  10-9  C.  G.  S.  units  of  capacity. 

The  farad  being  far  too  large  for  practical  purposes, 
it  is  customary  to  use  instead  its  millionth  part,  or  the 
Microfarad.  Standard  condensers  having  one-third  this 
value,  and  approximately  equal  to  the  capacity  of  one 
knot  length  of  cable,  are  used  for  cable  testing,  and  are 
likewise  very  useful  for  laboratory  purposes.  These  con- 
densers, made  of  alternate  sheets  of  tinfoil  and  mica 
coated  with  shellac,  are  mounted  in  brass  cases  with  an 
ebonite  top,  and  provided  with  binding  screws  in  con- 
nection with  the  armatures  of  the  condenser.  By  the 
insertion  of  a  plug  the  armatures  may  be  conveniently 
short-circuited.  By  the  substitution  of  paper  soaked  in 
paraffin,  much  cheaper  condensers  may  be  made.  It  is  a 
useful  exercise  for  the  student  to  make  such  a  condenser, 
according  to  the  details  given  in  Appendix  F. 

Lesson  LXXVI. — Work  with  the  Condenser. 

165.  Eocercise,--^To  compare  two  condensers  by  the 
methods  of  (1.)  direct  deflection;  (2.)  equal  deflection.  To 
prove  the  law  of  capacities  by  combining  the  condensers 
in  different  ways,  and  (3.)  to  test  their  rates  of  leakage  and 
examine  the  influence  of  residual  charge,  also  to  estimate 
the  time  required  for  charging. 

Apparatus. — (1.)  A  high  resistance  galvanometer,  such  as 
that  of  Lesson  XXIII.  ;  (2.)  a  discharge  key.     One  of  the 
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moat  convenient  forma  of  Itey  is  that  of  Kempe,  Bhown 
Fig.  IT 9.  Here  an  ebonite  base  supports  three  pillars,  one 
of  which  bears  a  hinged  lever  /,  This  plays  between  the 
ends  of  two  platinum  stops,  s  and  s',  that  are  supported  by 
the  other  two  pillars.  "When  free  to  move,  the  lever  I  by 
means  of  the  spring  placed  beneath  its  hinge  will  rise  up 
and  press  against  the  upper  stop.  But  when  pressed 
down  by  the  ebonite  insulating  stud  C  it  will  rest  against 
the  iKittom  atop,  where  it  is  held  by  the  right-hand  ebonite 


ue  ^^H 
he    ^^ 

hv  ' 


"trigger,"  on  account  of  the  action  of  a  spring  seen 
beneath  the  stud  I.  The  lever  is  now  in  the  CharTge 
position,  but  when  I  is  depressed  the  lever  immediately 
springs  up,  but  cannot  reach  the  upper  stop  owing  to  its 
end  being  caught  by  a  second  or  left-hand  trigger  attached 
to  D,  which  is  rather  higher  than  the  other  trigger.  The 
]>0Bition  that  the  lever  is  now  in  is  called  the  Insulate 
position,  for  the  reason  that  the  lever  touches  neither  ti)6| 
bottom  nor  the  top  stops,  but  rests  between  both.     Shoul 
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now  D  bo  depressed,  the  lever  will  spring  up  against  the 
upper  Btop  and  be  in  the  Discharge  jmsition.  Further, 
by  pressing  D  without  having  previously  touched  I  the 
lever  will  spring  at  once  from  the  charge  to  the  disohatge 
position.  (3.)  A  box  of  coils  and  a  battery  of  from  1  to 
12  Daniell's  cells. 

Themy  of  Method  I. — If  two  condensers  of  capacity 
F,  and  F^  *>"  charged  by  moans  of  the  saniQ  E.  M.  F.,  then 
the  quantities  of  electricity  Q^  and  Q,  which  they  hold 
will  be 

Q,=EFi 


■y  discharging   Q,  and  Q^  through  a  galvanometer  the 
mplitudes  d^  and  d^  of  the  first  kick,  aa  we  have  pointed 

out   in   the    previous    chttpter.   will    be   proportional   to 

Q,  and  Qj,  hence 


This   constitutes  the  simplest   method  of  comparing  two 
condensers. 

Practice  of  Mellifd  I. — Fig.  ISO  sliows  the  connections, 
but  at  present  the  shunt  circuits  S  and  S^  will  not  be  re- 
quired. The  condenser  C,  which  is  represented  by  two 
thick  strokes,  will  become  charged  when  the  lever  hr  of  the 
discharge  key  is  depressed  against  the  lower  stop  c,  for  now 
the  left-hand  pole  of  the  condenser  will  receive  a  positive 
charge  from  the  battery  by  the  connection  QOB,  and  the 
right-hand  pole  will  receive  a  negative  charge  by  the  con- 
nection /icNB.  The  key  being  at  this  diarge  position,  the 
galvanometer  is  set  to  zero,  and  when  the  observer  is  ready 
to  take  the  reading,  the  discharge  should  be  caused  by  de- 
pressing at  once  D  (Fig.  179)  without  previously  touching  L 
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When  this  is  done  the  poles  of  the  condenser  are  placed  in 
metallic  communication  by  the  circuit  QPGHefA,  and  the 
sudden  rush  of  electricity  through  the  galvanometer  causes 
the  kick,  which  has  to  be  noted.  Whilst  the  galvanometer 
is  returning  to  rest  the  condenser  should  be  short-circuited 


Fig.  180. 

by  the  key  K,  in  order  to  get  rid  of  any  residual  charge 
that  may  remain  Before  again  depressing  the  lever  the 
short-circuit  key  Kg  should  be  opened.  After  the  observa- 
tion of  the  discharge  has  been  repeated  several  times  the 
condenser  G  is  replaced  by  the  second  one,  and  the  pro- 
cesses are  repeated 
Example. — 

Using  a  Clark's  cell  (1)  with  standard  }  microfarad  (Fj),  we  got 
kicks  78,  79,  79,  and  78,  mean  78*5  ;  (2)  with  paraffin  paper  condenser 


THE  CONDENSER. 

59-25;  (3)atl.irdcc 

=  '7186-  micrafoiad, 


F,=F,  -51.=  -Hie  microfarad. 
'       '78-5 

166.  Tkeon/  mid  Practice  of  Method  II. — WTien  a  con- 
denser is  much  greater  in  capadfcy  tban  the  one  with  which 
it  is  to  be  compared,  the  shunt  circuit  S  (Fig.  180)  should 
be  used  with  the  galvanometer  for  the  larger  condenser, 
and  the  observed  deflection  multiplied  by  -g  ,  where  G  is 
the  resistance  of  the  galvanometer  and  S  that  of  the  shunt.'- 
If  the  shunt  be  adjusted  until  the  deflection  is  the  same 
s  with  the  smaller  condenser  without  the  shunt,  the  ex- 
-i=  gives  immediately  the  ratio  of  the  two  con- 
It  should  be  noticed  that  although  the  fact  of  a 
shunt  being  inserted  across  the  galvanometer  circuit  lowers 
the  resistance  external  to  the  condenser,  yet  owing  to  the 
extremely  high  resistance  of  the  latter  this  will  not  produce 
any  perceptible  difference  in  the  main  discharge  current. 
In  this  respect  the  condenser  resembles  a  battery  of  very 
high  internal  resistance. 
Example. — 

With  Fj  we  adjusted  Hid  Bonaibility  of  galvsnomeler  so  as  to  obtain 
deflettion  of  61.     Witli  F,  im  obbtincd  witlt  S  =  3120  tlie  aame  do- 


=  (., 


'  The  student  must  be  warned  tbat  this  expression,  althougli  quits 

true  for  Eteadj  currents,  reqnires  a  correction  for  thou  of  short  dtin- 

tion,  owing  to  the  stlf-indiuMon.  of  the  galvanometer.     This  acts  like 

an  ertra  ruBiatanco  in  the  circuit  of  tlie  latter.     Hence  for  accurate 

^m      work  wa  muat  subatitute  —  ^    ■■  for  -i=i  where  k  is  a  quantify  to  be 

^B    diit^nnined  by  the  use  of  coDdenssra  of  Icnown  capocit}'.     See  Latimer 

^H    Clurk,  in  the  Journal  of  Telegraph  Enffinart,  vol.  ii  p.  16. 
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167.  Lnivs  for  Combinatimi  nf  Condensers. — Law  I.^ — ^When  \ 
a  number  of  condensers  are  connected  together  in  mtdtiple 
arc  (see  Fig.    181),    tlie   capacity   of  the  arrangement  is  I 
equal  to  the  sum  of  the  sereral  eapaaties.     This  law  does  ] 


"1 


Fig.  181.-C0NDBBBIBH  IS  MctTIPLE  ABC. 

not  require  any  proof.  Law  IL — When  the  condensers 
are  joined  by  cascade  or  swtes  (see  Fig.  182),  to  find  the 
capacity  of  the  arrangement  we  follow  the  same  method  as 
would  be  used  in  finding  the  resistance  of  a  number  of  ' 
conductors  in  multiple,  arc  (see  Appendix  A).  In  other  | 
words,  the  joint  capacity  would  be  equal  to  Vk  redprocai  of 
the  sum  of  the  reciprocals  of  tlie  several  capacities.  In  order  to 
prove  this  law  let  theie  be  three  condensers  in  series,  as 
in  Fig.  182.  Let  V  represeut  the  potential  of  the  left- 
hand  plate  of  the  left-hand  or  first  condenser,  and  let 

HMMh 


bs  that  of  its  right-hand  plate.     It  is  clear  that  V,  will 
likewise  be  the  potential  of   the   left-hand  plate  of  the 
middle  or  second  condenser,    this  being  metallically  con- 
nected with  the  right-hand  plate  of  the  first.     Again  let  V,   ' 
denote  the  potential  of  the  right-hand  plate  of  the  middle  I 
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condenser,  and  also  of  the  left-hand  plate  of  the  third 
condenser.  Finally,  suppose  that  the  right-hand  plate  of 
the  third  condenser  is  earth- connected  and  therefore  at 
3  potential.  Then  if  F^,  F^  and  Fg  denote  the  capacities 
of  the  first,  second,  and  third  condensers,  it  is  evident  that 
Fj(V-Vj),  Fj(V,-V^,  and  F^V^  wiU  be  the  quantities 
of  electricity  separated  at  the  various  condensers.  Again, 
i  the  minus  charge  of  tlie  first  condenser  must  equal 
the  _^Im3  charge  of  tho  second,  we  have  Fj{V-Vj)  =  F, 
(Vj  -  Vj).  Likewise,  since  the  minus  chiirge  of  the  second 
condenser  must  equal  the  pltis  charge  of  the  third,  we  have 
F,(Vj-V2)  =  F3V„.     Hence 


Bupposc.      Now  J  or  VF  will  ha  the  charge  produced  by 

difference  of  potential  =  V  in  a  condenser  of  capacity  F. 

Again,  it  ia  evident  that  when  the  above  series  of  con- 
densers ia  discharged,  Fj{V  -  Vj)  will  denote  the  quantity 
of  positive  electricity  which  circulates  through  the  gal- 
vanometer, and  we  have  just  shown  that  this  is  equal  to 
IVF  when  6=^+ir+p"'  Hence  the  law.  Tliese  laws  should 
be  experimentally  verified. 
Example. — 
bd 
■ 
to 


..ity  of  Fi  +  F,  ia  mnltiple  urc  was  uicaaurcil  and  found  to 

bo  ■i472,  bnt  F,=  -3333  and  F.  =  -1148  (aeo  abova  flsampk).  Hence 
F,-(-Fj= -MTB,  proring  Law  I.  Again,  Fj  and  Fj  in  cascade  gave 
■0872,  now 


F,    F,  -lue 

Thus  law  II.  is  esrperimentally  verified. 

168.  Leakage  of  a  Condenser. — ^A  charged  condenser  left 
to  itself  undergoes  a  alow  discharge,  chiefly  through  the  insul- 


iM 
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ating  sheets.  To  study  the  rate  of  the  discharge  it  ia  only 
neceseary  after  charging  the  condenser  to  press  the  button 
I  of  the  discharge  key,  and  after  a  given  time  to  press  the 
button  D.  The  percentage  of  leakage  per  minute  will 
depend  upon  the  insulation  resistance  of  the  condenser. 
—Two  Daniell's  cells  used  for  charging. 


1 


KlndorCondaiuier. 

LrtachErge. 

'SSr 

PH-cenWge 

Mica      .          .          . 

Parafflnflyaarold) 
Paraffin(4jeflrald) 

168 
281 
60 
385 

us 

260 
6S 

ro8 

-71 

5-01 
8-31 

169.  Ahsorpimi  and  Residual  Charge. — The  student,  after 
he  baa  removed  the  battery  and  taken  a  discharge  from  the  i 
condenser,  will  find  that  he  will  be  able  to  obtain  a  second 
or  residual  discharge.  This  ia  due  to  the  peculiarity  of  | 
solid  and  hquid  insulators^  known  as  electric  absmylion. 
When  a  condenser  is  connected  with  a  battery  it  does  not 
receive  its  full  charge  immediately,  but  continues  for  some 
time  to  absorb  or  suck  in  the  chaige.  Again,  when  the 
condenser  is  discharged  it  does  not  immediately  give  up 
this  portion  of  the  charge,  but  this  will  gradually  ooze  out 
and  be  available  for  producing  a  residual  discharge.  These 
phenomena  should  be  observed  na  shown  in  the  following 
example : — 

Evampie. — (I.)  Study  of  the  influence  of  the  length  of 
time  necessary  to  charge  the  condenser  by  twelve  DanieU'a 
cells. 

Time  of  GHARQlsa. 
Immediate      15  aeo.  SOaec.  1  min.  i  mi 


[perimentfl  of  Rowliind  and  RicliolB.      See  Fro.   Pliys.  See.,  toI. 


rkable  excepttan 


xirdiug  to  tlie 
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(2.)  Study  of  residual  charge  after  the  condensers  had 
been  charged  by  two  cells  for  five  minutes. 

Mica  Condenser.    ParafiSn  Condenser. 

First  discharge    ....      169  212 

Residual  after  1  minute  insulation         3*5  24 

,,  ,,  ,,    more        I'O  16 

»»  »»  »>        »i  "  13 

»»  It  i>        »>  •••  •*^" 

Q 

From  these  experiments  we  see  that  the  paraffin  paper 
condenser  exhibits  the  phenomenon  of  absorption  in  a  very 
marked  manner. 


Lesson  LXXVII. — Determination  of  the  Absolute 
Capacity  of  a  Condenser. 

170.  Apparatus. — ^As  in  Lesson  LXXVL,  with  the  addi- 
tion of  a  means  of  measuring  time. 

Theory  of  the  Method. — We  have  proved  (Arts.  138-142) 
that  when  a  quantity  Q  of  electricity  is  discharged  through 
a  ballistic  mirror  galvanometer 

KT,(l4-^>  .         .         .         .     (1) 

where  K  =  HF  is  the  working  constant  of  the  galvan- 
ometer, T^  is  the  corrected  time  of  vibration  of  the  needle, 
A  the  logarithmic  decrement,  s  the  deflection  in  millimetre 
scale  divisions,  and  L  the  distance  of  the  scale  from  the 
mirror,  also  in  millimetres.  If  the  deflection  had  been 
produced  by  the  discharge  of  a  condenser  through  the  gal- 
vanometer, then 

Q=FE (2) 

where  F   is  the   capacity  of  the  condenser,  and  E  the 
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K  M.  F.  of  the  battery  used  to  charge  it  Hence  from 
(1)  and  (2)— 

^(^4)'  .       .    (3) 


F= 


2tL£ 

To  apply  this  equation  in  practice  we  use  the  same  battery 
that  has  been  employed  in  charging  the  condenser  to  pro- 
duce a  constant  deflection  s^  when  connected  with  the  gal- 
vanometer in  series.  If  the  total  resistance  in  the  circuit 
be  now  R,  then,  by  the  theory  of  the  mirror  galvanometer 
(Art.  34), 

-=^  (4) 

B    2L ^^ 

Eliminating  g  between  (3)  and  (4)  we  obtain — 

.    (5) 


F= 


T<1.^> 


rE^ 


Practice  of  ihe  Method. — We  have  three  distinct  opera- 
tions to  perform : — 

(1.)  Determination  of  s. — ^The  connections  and  the  opera- 
tions are  as  in  Method  L,  Lesson  LXXVI. 

(2.)  Determination  of  T  and  A. — The  former  must  be 
done  by  the  method  of  passages,  and  the  latter  by 
the  method  of  Art  1 43. 

(3.)  DetemUnation  of  R  and  Sy — The  condenser  must 
now  be  disconnected  and  a  resistance  box  inserted 
in  the  battery  circuit  Owing  to  the  great  sensi- 
tiveness of  the  mirror  galvanometer  it  will  probably 
be  impossible  to  obtain  a  readable  deflection  with 
an  ordinary  resistance  box,  hence  the  galvanometer 
should  be  provided  with  the  shunt  S.  Alter  S  and 
add  resistances  until  5^  is  readabla  Since  a  shunt 
is  used,  the  resistance,  consisting  of  that  uplu^ed 
(  =  Rj),  together  with  the  battery  resistance  and  the 
combined  resistance  of  the  galvanometer  and  shunt, 
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must  be  multiplied  by  -^-  in  order  to  oljtain 
(see  a  similar  case,  p.  193). 
Example. — 

a-lSi,  Ti  =  7'8B7  seconds,  \=-01. 

Si  =  96,  Ri  =  11000,  S  =  4,  0  =  4292,  B  =  4. 

E  =  AlOO{)  +  4  +  ^^||^^)  ^^^p^inohma  =  1100Sx]074. 

7-067x1 54x1  ■005       _  J36" 
3]41flxll008xl074x9C~    10« 


farad,  or  ='3363  microfarad. 


Lesson  LXXVIII.  —  Comparison  of  Electromotive 
Forces,  and  Determination  of  Battery  Eesist- 
anoe  by  the  Condenser. 

171.  Apparalus.^Aa  in  Lesaon  LXXVI. 

Theory  of  the  Comparison  of  E.  M.  F. — Method  of  Law. — 
If  the  samo  condenser  be  chained  first  by  means  of  a  souice 
of  E.  M,  F.  =  Ej,  and  discharged  through  a  galvanometer 
prctducing  deflection  d^,  and  then  by  meai^  of  a  source  of 
E.  M.  F.  =  Ej,  producing  on  discharge  a  deflection  d^  then 


(1) 


Should  E,  be  very  much  greater  than  E,,  it  will  be 
necessary  to  shunt  the  galvanometer,  when  formula  (1) 

Ei^O+S    d, 


■        ■    (2) 

pTocike  of  Lav/a  Method. — It  is  only  necessary  to  use 
the  arrangement  of  Fig.  180,  and  take  the  discharge  first 
with  one  battery  and  then  with  the  other.  The  con- 
denser should  be  thoroughly  freed  from  its  residual  charge 
after  each  batteiy  has  been  tested,  and  it  is  important  to 
take  the  discharges  with  the  weaker  batteries  _^sl,  for 
otherwise  the  residual  charge  from  the  stronger  battery 
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might  be  sufficient  to  cause  the  observation  with  the 
weaker  one  to  be  erroneous. 

172.  Theory  of  the  Battery  Resistance  Method  (Kempe). — 

Let  us  consider  the  effect  on  the  discharge  deflection  of 

shunting  the  battery  of  internal  resistance  B  and  K  M.  F. 

=  Ej  by  the  shunt  Sj  (see  Fig.   180).      Let  the  current 

circulating  through  the  battery  and  shunt  be  C,  then,  by 

Ohm's  law, 

E  =  C(B  +  Si) (1) 

Now  when  the  shunt  S^  is  removed  by  the  plug  key  Kg, 
and  the  discharge  deflection  d^  is  taken,  this  deflection  is 
proportional  to  the  whole  E.  M.  F.  of  the  battery  E,  but 
when  the  shunt  is  in  use  the  discharge  deflection  d^  will  be 
something  less  than  E,  for  we  are  really  measuring  the 
difference  of  potentials  represented  by  an  E.  M.  F.  of  say  e, 
which  maintains  a  current  0  through  S^,  hence 


From  (1)  and  (2) 


but 


hence 


e  =  CSi (2) 

E    B  +  Si ^"^^ 

E""di» 

B=^Si (4) 


Practice  of  the  Method, — When  the  first  discharge  is 
taken  the  battery  is  in  open  circuit,  but  in  the  second 
case  it  is  in  closed  circuit.  Hence  the  value  of  E  may  be 
greater  in  the  first  than  in  the  second  case,  owing  to  pol- 
arisation setting  in  when  the  shunt  is  used.  To  lessen  the 
error  from  this  cause,  it  is  important  to  insert  the  plug 
Kg  only  for  the  short  length  of  time  necessary  to  charge 
the  condenser. 
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17a  Befecls  of  the  Deflection.  Methods.— 

(1.)  The  theory  of  the  application  of  a  ballistic  galvan- 
ometer demands  that  the  whole  duration  ol  the  impulsive 
current  shall  be  a  small  fraction  of  the  needle's  time  of 
vibration.  Owing  to  the  phenomenon  of  electrical  absorp- 
tion, there  is  some  uncertainty  concerning  the  period  of 
time  taken  in  discharging  the  condenser,  which  may  be- 
come quite  comparable  with  the  period  of  the  needle.^ 

(2.)  Accurate  work  demands  that  the  damping  of  the 
galvanometer  shall  be  small,  but  in  practice  this  means  that 
the  successive  measurements  cannot  be  quickly  repeated, 
owing  to  the  length  of  time  required  to  stop  the  needle's 
vibration. 

(3.)  The  successive  discharges  are  apt  to  demagnetise 
the  needle. 

174.  The.  Zero  Methods. — By  balancing  one  condenser 
against  another,  it  becomes  unnecessary  to  use  a  ballisLtc  gal- 
vanometer, hence  all  the  defects  above  mentioned  may  be 
avoided.  We  should  use  instead  simply  a  galvanoscopo 
(as  delicate  as  may  be),  and  adjust  the  charges  of  the  con- 
densers until  no  deflection  is  observable.  The  two  best 
known  zero  methods  are — 

(1.)  The  Bridge  Method  of  De  Sauty.  This  is  applic- 
able in  the  laboratory  to  ordinary  condensers,  or  short 
lengths  of  cable,  but  it  cannot  be  employed  for  long  lengths 
of  cable  on  account  of  the  influence  of  inductive  retardation. 

(2.)  Tho  Method  o£  Mixtcres  of  Sir  William  Thomson.^ 
This  is  generally  applicable,  and  is  extensively  used  for 
cable  testing. 

Lesson  LXXIX. — Comparison  of  Condensers  by 
the  Bridge  Method. 

175.  Apparatus. — Two  boxes  of  coils  or  a  Post  Office 


k 
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bridge,  battery  of  twelve  Daniell's  cells,  liigh  resistaaca  r&-§ 
fleeting  galvanometer,  Morse  key  and  condensers. 

Method. — It  is  similar  to  that  of  the  Wheatatone  bridge.   ' 
Tlie  condensers  of  capacity  B  and  S  are  placed  in  the 
arms  (Fig.  183)  BD  and  CD,  then,  by  the  adjustment  of 
the  resistances  P  and  Q  in 
the  other  armsuntil  the  gal-  J 
vanometer   is   undeflected  ■ 
on  pressing  the    key,  we  I 
shall  have 

P_S 

It  Bhould  be  noted  that 
the  righthand  member  of 
this  equation  is  the  recipro- 
cal of  the  one  used  when 
comparing  resistances  by  J 
the  bi'idge. 

During  the  test,  whilst! 
adjusting   P   and   Q, 
Morse  key  has  the  contact 
Fjg,  183.  made  at  h,  which  will  en- 

sure  that  the    condensers 
are  kept  discharged.     AVhen  the  adjustment  is  complete  J 
whether   contact  be    made   at  a  or  6,  the   galvanometer 
should  be  undeflected. 

The  resistance  of  P  and  Q  should  be  high,  and  the 
number  of  cells  of  the  charging  battery  should  be  increaaod 
until  a  sufficiently  delicate  adjustment  can  be  made. 
cording  to  Glazebrook'  results  within  1  per  cent  of  the  _ 
truth  Siould  be  easily  ohtainahle. 


:cR.^^| 

tie       ^ 
of 

I 

> 

:t 
_J- 

sers  ^^^J 
ete,^^H 
eter^^^H 

the  ^^n 
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Lesson  LXXX. — Comparieon  by  the  Method  of 

Mizturea 

170.  Apparatus. — As  in  the  previous  lesson,  with  the 
addition  of  a  Pohl's  commutator. 

Method. — For  cable  testing  a  special  key  is  used,  for 
whicli  an  ordinary  Pohl'e  commutator  (see  Fig.  25),  with 
its  horizontal  wires  removed,  forms  a  good  substitute.  This 
is  seen  in  the  diagram  (Fig.  184).     By  moving  the  switch 


in  one  direction  the  mercury  cups  above  and  below  a  are 
placed  in  connection,  and  simultaneously,  but  quite  inde- 
pendently, the  cups  above  and  below  Oj  are  connected.  Call 
this  position  A.  By  moving  the  switch  in  the  other  direc- 
tion the  same  will  be  the  case  for  the  cups  above  and 
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below  b  and  by  Call  this  position  B.  One  terminal  of  the 
galvanometer,  two  of  the  armatures  of  the  condensers  Fj 
and  Fg,  and  the  wire  c  joining  the  resistance  boxes  R^  and 
Eg  are  connected  together.  They  are  also  shown,  as  would 
be  the  case  in  cable  testing,  connected  with  the  earth. 
Suppose  that  first  the  switch  is  in  the  A  position,  then  the 
condensers  will  become  simultaneously  charged  to  different 
and  opposite  potentials,  for  their  inner  armatures  are  placed 
in  contact  with  the  opposite  poles  of  a  battery,  whilst  their 
outer  armatures  are  earthed,  as  likewise  is  the  point  c.  If 
the  student  will  draw  a  diagram  of  the  fall  of  potentials 


Pig.  185. 

between  d  and  e  this  will  be  at  once  clear  (see  Fig.  185). 
Here,  if  Vj  and  Vg  be  the  potentials  at  d  and  e,  then 

vrRa' 

But  the  quantities  Q^  and  Q^,  with  which  the  condensers 
become  charged,  will  be 


and 


Qi=ViFi 
Qa=VaF2. 


Now  put  the  switch  into  the  B  position,  the  key  k  being 
open,  when  the  charges  in  the  two  condensers  will  mix, 
and  if  equal  will  destroy  each  other,  so  that  on  closing 
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the  key  h  there  will  be  no  deflection  on  tlie  galvanometer. 
In  this  case 


In  the  application  of  the  method  to  cabk  testing,  in 
which  the  copper  of  the  cable  forms  the  one  armature  of  a 
condenser  and  the  outside  metal  and  water  the  other,  the 
switch  is  placed  in  position  A  for  a  time  sufficient  to 
'ge  the  cable  fully,  and  then  in  position  B  for  a  time 
sufficient  for  mixing.  To  avoid  the  effecte  of  absorption 
'a  desirable  that  the  condensers  should  not  differ  much 
in  capacity.  R,  and  E^  should  have  high  values,  and  the 
battery  power  should  be  sufficiently  high  and  the  galvan- 
ometer sufficiently  sensitive  to  allow  accurate  adjustment. 

17V.  Instantaneous  Capacilij.  —  The  student  will  now 
appreciate  the  difficulty  of  comparing  condensers  with  any 
high  degree  of  accuracy  by  any  of  the  preceding  methods. 
In  fact  a  condenser  cannot  be  said  to  have  any  true  capa- 
city, inasmuch  as  the  charge  that  it  will  take  depends 
upon  the  length  of  time  that  the  E.  M.  F.  ia  applied.  If 
we  could  estimate  the  capacity  from  the  charge  produced 
by  unit  E.  M.  F.  in  a  very  brief  interval  of  time,  tlien  the 
capacity  so  measured  would  be  the  instantanemt-s  eapatity. 
One  of  the  best  methods  of  determining  the  capacity  so 
defined  has  been  indicated  by  Maxwell  (see  Electricity  and 
Magnetism,  vol.  ii.  p.  375),  and  has  been  practically  applied 
by  J.  J.  Thomson  (see  Phil.  Trans.,  1883,  part  iii.)  Measure- 
ments by  this  method  should  be  made  by  the  advanced 
student,  who  should  also  consult  Phil.  Ma-g.,  August  1884, 
for  the  practical  details  of  the  method  described  by  Glaze- 
brook. 


CHAPTER   IX. 

THE  ELECTROMETER. 

178.  An  electrometer  "  is  an  instrument  for  measuring  differ- 
ences of  electric  potential  between  two  conductors  through 
the  effects  of  electrostatic  force,  and  is  distinguished  from  the 
galvanometer,  which,  of  whatever  species,  measures  differ- 
ences of  electric  potentials  through  the  electro-magnetic  effects 
of  the  currents  produced  by  their  differences "  (Thomson). 
The  types  of  electrometers  are  : — 
I.  Repulsion  Electrometers — 

(a)  Gold-leaf  electroscope  provided  with  a  means 

for  measuring  the  divergence  of  leaves. 
(h)  Peltier's  electrometer. 

(c)  Delmann's  electrometer. 
IL  Symmetrical  Electrometers — 

(d)  HankeFs  electrometer. 

(e)  Quadrant  electrometer. 

IIL  Attracted  Disc  Electrometers — 

(/)  Absolute  electrometer. 

(g)  Portable  electrometer. 
IV.  Capillary  Electrometers — 

(h)  That  of  Lippmann. 

(k)  That  of  Siemens  and  Dewar. 
In  this  chapter  we  shall  restrict  ourselves  to  the  types 
(d),  (e)  and  (g)} 

^  For  further  information,  see  Sir  "William  Thomson's  Electrostatics 
and  Magnetism^  p.  260,  which  contains  elaborate  descriptions  of  types 
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179.  FrecmHons  m  Using  Electrometers. — It  will  be  well 
at  the  outset  to  w&tn  students  that  no  successful  work 

w  done  in  electrometry  if  attention  be  not  paid  to 
two  important  details,  namely,  thorough  insidaiion  and  the 
avoidance  of  chance  electrification  due  to  friction  of  neigh- 
bouring insulators. 

Lesson  LXXXI. — The  Electrometer  of  Hankel. 

180.  Apparatus. — We  find  this  simple  form  of  electro- 
meter   (Fig.    186)   con- 
I'enient.     It  consista  of 
a  shallow  box    12    cm. 
high,     10    cm.    broad, 


and    5    i 


,rith 


a  sliding  door  of  glass. 
Through  the  sides  pass 
two  rods  of  brass,  ter- 
minating at  their  inner 
ends  in  two  discs  of 
brass  a  and  b,  and  at 
their  outer  ends  in  two 
binding  screws.  The 
rods  are  insulated  from 
the  box  by  ebonite 
(shown  black  in  the 
figure),  and  are  provided 
with  collars  of  ebonite 
near  the  binding  screw 

II.  anil  III.,  many  ofthem  being  the  h 
<Iescnptioii  ot  Delnmnii's  electrometer  i 
see  Wi»Ieinaan  I.  p.  15S.    For  Lippmann's  CHpillary  electrometer,  tee 
u  IV.  (1)  p.  238.    Dewar's  auapla  modificaUon  will  be  found  in 


the  South  Kcnsin^u  Seionce  Lectnres  (roL  L)  (Macmillun) ;  and 
Uunro  "On  tlio  IJiadmut  Electromotor,"  Jbiirml  f^'ot,  Tel.  Sng., 
voL  ii.  p.  339. 

VOL.  II.  2  £ 
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them  from  the  fingers,  when  they  have  to  be  slided  i 
A  third  rod,  the  electrode,  aimilar  to  the  others,  but  euppoi 
ing  a  gold  leaf  c,  passes  through  the  top  of  the  box.  "" 
outside  of  the  box,  with  the  exception  of  the  strips  of  ebooiu 
and  the  middle  of  the  sliding  window,  is  coated  with  tinfej 
for  the  purpose  of  protection  from  external  electrificatiirt 
For  cliargidg  the  plates,  instead  of  using  the  diy  pile  ( 


Zamboni  that  Bohncnberger  applied  to  his  electroscope, 
we  shall  make  use  of  a  simple  form  of  battery,  consisting 
of  from  100  to  200  cells,  with  zinc  and  copper  plates,  and 
charged  with  water.  The  cells  for  this  battery  consist  of 
small  glass  specimen  tubes  5  cm.  high  and  1  cm.  in 
diameter.     The  battery,  which  should  bo  well  insulated, 
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■  may  conveniently  be  mounted  as  in  Fig.  187,  and  provided 
with  a  number  of  terminals  whereby  20,  40,  60,  etc,  cells 
may  be  employed  as  desired. 

Wlien  the  instmment  is  in  use  the  plates  are  charged 
to  equal  and  opposite  jKiteiitiala  by  connection  with  the 
two  poles  of  the  water  battery,  whose  middle  is  put  to 
earth.  The  gold  leaf,  which  is  earth-connected,  should  lie 
symmetrically  between  the  two  plates.  When  we  wiah  to 
find  the  difference  of  potential  of  a  source  of  electrification 
from  the  earth  the  gold  leaf  is  connected  with  the  source, 
and  the  movement  of  the  leaf  from  the  one  plate  to  the 
other  is  measured.  The  measuring  instniroent  consista  of 
the  cathetometer  microscope  of  Quincke  (see  Vol,  I.  p,  42). 

For  use  with  electrometers  we  require  a  special  form 
of  reversing  key.  The  requirements  of  such  a  key  will 
be  understood  from  the  diagrant  (^'''g'  188), 
in  which  a,b,c  and  d  are  four  mercury  cups. 
With  c  and  d  the  two  poles  oi  a  battery 
under  test  are  connected,  whUst  a  is  con- 
nected with  the  electrode  of  the  electro- 
meter, and  b  is  connected  with  the  external 
caae  of  the  electrometer,  wliich  is  connected 
with  the  earth,  and  may  be  regarded  as 
the  other  electroda  The  operations  with  the  key  would 
be  as  follows : — 

(1.)  Connect  a  with  b,  this  will  earth  both  electrodes, 
and  remove  any  cliarge  from  them, 

(2,)  Disconnect  a  and  l,  connect  a  and  c,  abo  h  and 
d,  a  will  receive,  aay,  a  +  charge  and  d  will  be  put  into 
contact  with  the  earth. 

(3.)  Disconnect  <i  and  e,  also  b  and  d.  Connect  a  and  b 
to  discburge  the  electrometer. 

(4.)  Disconnect  a  and  b,  and  connect  a  and  d,  also  ft 
and  e,  a  will  now  receive  a  negative  chaise  whilst  c  will 
be  earthed. 

These  operations  may  Iw  performed  by  the  aid  of  a 


420  PKACTICAL  PHYSICS. 

suitably  arranged  switch  key,  such  aa  the  reversing 
provided  with  Thomson's  quadrant  electrometer,^ 

Mellwd  of  Using  the  Inshimmil/or  Comparing  two  E.  M,  PA 
— Connect  the  two  plates  to  the  poles  of  the  water  batte 
which  should  be  provided  with  an  ordinary  comn 
The  plates  must  be  at  equal  and  opposite  potential 
ensure  this  the  middle  of  the  battery  should  be  earth* 
Connect  a  of  the  electrometer  key  with  the  gold  leaf,  a 
h  with  the  outside  of  the  electrometer,  which  should  1 
earthed. 

Focus  the  cathetometer  microscope  on  some 
on  the  end  of  the  gold  leaf,  which  latter  should  be  mea 
while  earthed. 

The  battery  whose  E.  M.  F.  is  to  be  measured  ia  cotu 
nected  with  c  and  d,  and  then  the  operations  with  the  k^ 
are  gone  through. 

The   number  of  scale  divisions  that    the  end  of    the  ' 
gold  leaf  passes  over  when  it  is  made  +  and  then  ^  will 
be  proportional  to  the   E.  M.  F.   of  the  battery.     The 
process  should  be  repeated  with  a  second  and  standard 
battery. 

Example. — Fifty  cells  of  a  water  battery  gave  a  deflec- 
tion of  95  micrometer  scale  divisions,  and  20  cells  of  a 
Latimer  Clark  battery  gave  60  divisions,  hence  the  E.  M.  P.  j 
of  the  water  battery  per  cell  is 


Theory  of   the  Instrument.— We   shall  pi-esently, 
general  manner,  prove  that  in  a  symmetrical  electrometi 
the  resultant  attraction  F  of  the  movable  part  at  pote " 
tial  Vj,  towards  the  pUte  of  lower  potential,  is  expressed  H 

'  A  really  good  olectromotBr  Itey  is  a  desidoratmii.     K  , 
by  ebonite  are  apt  to  become  electrified.    Dr.  Lodg*  \\ae  deiri^ 
simple  key  with  low  capacity  that  has  many  adrantagea  above  tfie  k 
conunonly  in  use. 
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F  =  cc.n8toit(Vi-l4^)l^s~V,l    .         ,        .     (1) 

where  V^  and  V,  are  tlie  potentials  of  the  symmetrically 
placed  fixed  conductors. 

In  Hankel'a  electrometer  the  fixed  conductors  are  made 
of  equal  and  opposite  potentials,  or  V^  =  -  Vj,  hence  i 
this  case  the  above  formula  1] 


Now  the  resultant  attraction  is  measured  by  the  num- 
ber of  divisions  d  that  the  gold  leaf  moves  over  from  its 
zero  position,  hence  as  long  as  V^  is  constant  we  simply 

ii=aomB  coustaut  x  Yi      .         .  (2) 

or  the  potential  V|  is  simply  proportional  to  d. 

Further  Experimmts  with,  the  EleclTomeier. — (1.)  The 
above  simple  result  depends  upon  the  condition  V^  =  —  Vj. 
To  ensure  the  fulfilment  of  this  condition,  we  have 
directed  that  the  middle  of  the  water  battery,  consisting 
say  of  100  ceils,  should  be  earthed.  If  the  cells  were  all 
of  the  same  resistance  and  of  equal  K  M.  F.,  it  would  be 
only  necessary  to  earth  the  connection  between  the  SOth 
and  51st  cell.  Since  we  have  no  right  to  make  this  sup- 
position the  middle  point  should  be  ascertained  exjieri- 
men  tally. 

Referring  to  formula  (1)  we  see  that  when  we  reverse 
V„  and  V^,  aa  ocourB  when  we  change  the  wat«r  battery 
commutator,  F  simply  changes  sign,  but  when  we  change 
the  sign  of  Vj,  F  alters  its  magnitude  unless  V^  =  -  V^. 
This  gives  us  therefore  one  method  of  ascertaining  whether 
the  middle  point  of  the  battery  has  been  earthed.  We 
further  notice  that  if  V^  is  the  mean  of  Vg  and  Vj,,  then  F 
becomes  zero.  Now  the  potential  of  the  true  middle  point 
of  a  battery  is  always  the  mean  of  the  potentials  at  its  two 
ends.     Hence,  if  a  wire  be  connected  from  the  gold  leaf 
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to  various  points  of  the  battery,  when  we  reach  the  trne 
middle  there  will  be  no  deflection.  These  experiments 
should  be  made. 

(2.)  Again  referring  to  formula  (1),  if  V^  were  made 
equal  to  Vj,  a  condition  we  obtain  when  only  one  battery 
is  used,  and  one  of  its  poles  is  both  connected  with  the 
gold  leaf  and  one  of  the  plates,  then 

wliich  has  the  convenient  property  that  if  Y^  and  V^  both 
be  made  to  change  places  by  usiog  the  commutator,  F  would 
still  remain  unchanged  in  sign  and  magnitude.  Now 
this  is  precisely  the  condition  that  makes  an  instrument 
applicable  for  the  measurement  of  alternate  currents,  and 
has  been  so  applied  by  Joubert.  This  should  be  verified 
experimentally. 

191.  AUractitm  between,  two  parallel  Plates. — Consider  two 
parallel  plates  A  and  B  {Fig,  189)  very  close  together,  of 
which  B  is  kept  charged  to  a  poten- 
~P  ^^~^^~'~  -^  tial  V,  whilst  A  is  earth-connected 
■fa    ^^^^^^^H  J3    and  at  zero  potential.     Under  these 
Fig.  ISO.  circumstances     they    will    become 

equally  and  oppositely  charged,  so 
that  ii  +  phe  the  quantity  of  electricity  per  unit  area  or 
dmsily  of  B,  -  p  will  be  the  density  of  A.  Neglecting  the  con- 
sideration of  the  electrification  at  the  back  of  the  plates  and 
the  want  of  uniformity  at  their  edges,  the  attraction  of  B  for 
imit  of  area  of  A  will  be,  since  this  unit  area  has  p  units  of 
electricity  (see  Appendix  B,  Art  4),  2irp  x  p  =  Sjrp^,  or  if 
the  area  of  A  be  S,  the  whole  imrmal  elentrkal  attraclmi  F 
of  B  for  A  will  be 

F  =  2V3 (1) 

But  since  the  plates  are  close  together,  the  resultant  force  i 
E  on  an  electrical  unit  placed  between  them  will  be  o 


1 


IX.]  THE  ELECTROMETER.  428 

posed  of  an  attraction  2wp  (Appendix  B)  to  the  one  plate, 
and  of  a  repulsion  2wp  from  the  other,  so  that  this  force 
will  be 

R=4tp (2) 

Another  definition  of  this  resultant  force  is  the  rate  of 
fall  of  potential  per  unit  lengtL  Hence  if  D  be  the  dis- 
tance between  the  plates — 

V 
R=r) (3) 


From  (2)  and  (3) 


V 


which  value  of  p  inserted  in  (1)  gives 

y=T>^^.     .     .     .     .  (4) 

The  last  equation  expresses  V  in  quantities  that  may  be 
determined  by  direct  measurement.  To  find  F,  the  attrac- 
tion of  B  for  A,  the  latter  may  be  suspended  from  the  arm 
of  a  balance,  and  the  attraction  actually  measured  by 
weights  placed  in  the  balance-pan.  An  electrometer  of 
such  a  description  is  called  an  Absolute  Electrometer, 
and  the  quantity  that  multiplies  D  is  the  constant  of  the 
instrument,  which  may  be  called  a.  If  the  potential  of  A 
had  been  Vj  instead  of  zero,  we  should  have  had 

V-Vi=Dia (5) 

where  D^  is  the  distance  that  the  plates  must  now  be  apart 

in  order  that  the  force  of  attraction  may  again  be  F.    Hence 

from  (4)  and  (5) 

Vi=(D-D> (6) 

an  expression  in  which  difierences  of  distance  are  only 
concerned. 

182.  Sir  William  TlwmsorCs  Attracted  Disc  Electrometer, — 
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To  make  the  above  formula  applicable  in  practice  Sir 
William  Thomson  makes  the  attracted  disc  form  the  mov- 
able centre  of  a  large  plate,  called  the  guard  ring,  whilst  the 
attracting  plate  is  of  much  larger  size  than  the  disc.  Fig. 
190  shows  a  diagrammatic  section  of  an  electrometer 
on  this  principle.  The  disc  db,  shown  supported  by  a 
spring,  is  surrounded  on  all  sides  by  the  guard  ring  gr 
and  r'g'y  which  is  accurately  in  the  same  plane  as  ab  when 
the  attracting  plate  C  is  a  certain  distance  from  the  disc. 
This  position  is  called  the  sighted  position.  To  use  the 
instrument  the  guard  ring  and  disc  are  first  charged  to  a 
high  potential  V,  and  then  C  having  been  earth-connected, 


sss 


Fig.  190. 

is  moved  up  or  down  by  means  of  a  micrometer  screw  until 
ah  is  in  the  sighted  position.  Call  the  reading  of  the 
micrometer  head  r.  Now  repeat  the  experiment  when  C 
is  at  the  potential  Vj,  then  from  the  last  article,  supposing 
9\  to  be  the  new  reading, 

which  would  give  us  V^  if  we  had  a  knowledge  of  the 
constant  a.  Failing  this  we  can  only  make  comparative 
measurements.  Thus,  if  a  new  potential  Vg  and  a  new 
reading  r^  were  obtained,  then 

yi_r-ri 
Vo    r  -  n 
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An  electrometer  of  the  typfl  of  Fig.  190,  in  which  the 
force  of  attraction  ie  balanced  against  a  spring,  is  called  a 
Portable  Electrometer. 


Lesson  LXXXIL — The  Portable  Electrometer. 

.  A^arahts. — In  Fig.  191  is  shown  the  improved 


portable  electrometer  of  Thomson  and  Jenkin.    It  consiBta  ol 
a  cylitidrical  brass  box,  9  cm.  in  diameter  and  10  cm.  high, 
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within  which  fits  a  cj-lindrJual  glass  jur.  The  brass  casing; 
has  four  windows,  through  which  at  the  bottom  of  the  jar 
may  be  scea  the  guard  plate.  The  lid  of  the  instnuaent 
beara  the  micrometer  head  M  and  the  guard  tube  E 
electrode,  over  wliich  fits  the  umbrella  V,  The  micrometrio 
arrangement  adopted  by  Thomson,  and  afterwards  improved 
by  Jenkin,  is  an  exceedingly  iogenious  piece  of  screw 
mechaoiam,  which  gives  an  accurate  up  and  down  Tuove-, 
ment  of  the  disc  D  and  prevents  "back  lash." 

A  section  of  the  bottom  of  the  jar  is  seen  in  Fig.  192,! 
where  hh  is  the  guard  plate  and  /  the  movable  disc.     ™ 
latter  consists  of  a  spade-shaped  piece  of  sheet  aluminii 


[on.  ^^1 

.asiogi^^H 
le  jar^^H 


the  squa  e  end  of  which  very  nearlj  f  Us  up  the  hole  m  the] 
guard  plate      It  is  supi  ort*d  by  a  pht  num  wire  thrf" 
passes  t  gl  tly  thro  gh  two  holes    n  tl  e  alum  n  um  at  the 
point  I.     In  the  sect  on  the  wire  cannot  bo  seen  for  1 1  es 

n  a  di  ect  on  at  r  ^1 1  angles  to  the  plane  of  the  paper 
The  platmum  w  re  la  secured  at  ts  cnis  to  two  spr  ngs  so 
as  always  to  rema  n  t  „ht     Tl  e  attraction  of  the  disc 

pwards  by  the  cl  arged  plate  i;  is  res  sted  by  the  torsion 
of  the  wue  which  is  by  means  of  certa  n  adjustments  so 
regulited  that  when  the  disc  an  I  g  ard  plate  are  in  the  J 
same  plane  the  handle  i  of  the  alumm  um  lever  rests  n 
ivay  between  two  sto]  s  and    s  th  n   n  the  s-ghteil  'posilioii.M 
To  kno  V  w  th  ace  racv  thit  th  s  i    tl     case  the  end  ft  wl 
forVel  ani  has  stretched  botneen  the  pro  g?  of  the  fork  a  J 
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fiue  opaque  bltick  hair,  which  passes  in  front  of  a,  plate  of 
■white  enamel  {see  Fig.  191),  having  two  black  dots  bo  ;  upon 
it  When  the  hair  is  seen  to  be  between  the  dots,  by  the 
use  of  the  simple  lens  m,  tlie  disc  is  in  the  required  position. 

The  bottom  of  the  instrument  up  to  the  level  of  the 
guard  plate  forma  a  shallow  Leyden  jar;  the  glass  jar  is 
coated  with  tinfoil  both  inside  and  outside,  the  latter  being 
in  connection  witii  the  brass  casing.  To  see  the  hair  a 
portion  of  the  tinfoil  covering  of  the  glass  under  the  guard 
plate  must  be  removed.  This  will  cause  a  disturbance  of 
the  uniformity  of  the  electric  distribution.  To  diminish  this 
as  much  as  possible,  a  screen  of  wire-fencing  in  connec- 
tion with  the  inner  coating  is  employed  ;  the  cut  ends  of  the 
wires  will  be  seen  in  Fig.  192. 

A  light  spiral  spring  r  (  Fig.  193}  connects  D  (Fig.  191) 
to  the  electrode,  which  is  insulated  by  tho  glass  stem  ff^ 
(Fig.  191).  The  electrode  passes  freely  through  its  guard 
tube  without  connection,  but  may  be  connected  with  it  by 
placing  V  (the  umbrella)  over  E.  The  umbrella,  when  some- 
what raised,  will  leave  the  electrode  insulated,  and  hence 
serves  for  the  purpose  of  a  wind  guai'd  when  the  electro- 
meter is  used  for  outdoor  purposes. 

The  leaden  box  H  may  be  fixed  to  the  under  side  of  the 
lid.  It  is  intended  to  contain  pumice  that  has  been 
moistened  with  sulphuric  acid  tor  the  purpose  of  drying 
the  interior  of  the  instrument.  It  is  screwed  into  its 
position  without  touching  the  brass  work. 

To  Prepart  tlte  Instrwnent  for  Use. — Boil  some  strong 
sulphuric  acid  with  a  few  crystals  of  ammonium  sulphate, 
in  order  that  any  nitrogen  compounds  that  are  often  present 
in  sulphuric  acid,  and  which  would  injure  the  metal- 
work,  may  be  destroyed.'  Take  out  the  pumico  from  tho 
leaden  box  and  heat  it  to  redness.     When  cool  replace  it 

'  The  acid  BliDuld  bo  boiled  in  a  porcelain  dinb  in  a  fume  capboard 
liy  means  of  a  kif-a  Bunsen's  burner.  The  boiled.  Bcid  ahould  be  kept 
in  a  weil-BtoppiriKl  bottle  labelled  "Acid  for  Electrometers." 
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in  the  box,  and  by  means  of  a  pipette  place  a  few  drops  of  1 
:icid  on  different  parts  of  the  pumice.     Excess  of  a«id  must 
be  avoided,  the  quantity  added  should  not  make  the  surface  I 
moist^     The  leaden  box  must  now  be  screwed  into  itsj 
position  underneath  the  lid. 

Clean  the  inner  surface  of  the  glass  jar,  and  remove  anjrM 
particles  of  dust,  shreds,  etc.,  especially  from  the  guard  platsfl 
and  the  alnminiam  and  upper  discs.  Thoroughly  wanaS 
the  instrument  and  screw  on  the  lid. 

Mellicd  of  Charging. — We  next  proceed  to  charge  tha^ 
Leyden  jar.      The  charge  may  either  be  positive  or  nega- 
tive, but  the  former  is  preferred,  for  a  positive  charge  is 
found  to  dissipate  less  rapidly.     For  the  purpose  a  email 
electrophoruB  is  usually  provided  with  the  instrument,  but 
a  small  Voss  or  Winhui'st  influence  machine  forms  a  more 
convenient  source  of  electricity.     The  operations  of  charg- 
ing are  as  follows  : — (1.)  Move  the  attracting  plate  by  the 
micrometer  near  to  its   highest  position,  otherwise  too 
strong  a  force  of  attraction  naay  be  exerted  on  the  alui 
ium  disc,  and  the  jar  may  discharge  itself.     (3.)  Next  see  J 
that  the  umbrella  is  down,  so  that  the  upper  plate  is  earthed.  J 
(3.)  Uncover  the  hole  in  the  cover  of  the  instrument  and^ 
pass  domi  a  wire,  insulated  from  the  case  by  a  collar  (dfl 
ebonite,  so  that  its  bared  end  rests  upon  the  guard  plata^M 
Give  successive  email  sparks  to  the  upper  end  of  the  v  ' 
until  the  hair  ia  beneath  the  lower  dot.     Now  remove  thfli) 
wire  by  means  of  its  insulating  covering,  and  clos 
aperture  in  the  Hd. 

Testing  the  Jwsfciiment— Place  the  instrument  at  : 


'  We  £nd  it  far  more  convenicut  to  use  itistcad  of  pamitM^BtanaJ 
Ihreada  of  asbsstos  or  aabeatda-paipeT  packed  tiglitly  at  tiia  bottom  Cit^ 
the  loadoQ  jar,  Tlie  asbeHtos  sfiould  be  just  moiatonod  with  Hulpliurii 
acid.  It  will  ba  well  to  add  here  that  amce  the  Bulpharic  acid  w  — 
tioiially  nbsorbing  moiBture,  there  maj,  if  the  acid  is  not  ohs  „ 
neiiodicallj,  be  a  deBtnirtion  of  the  working  parts  of  the  instniment,^ 
On  this  account  Sir  William  Thomson  has  caused  to  be  engraved  OR  i 
the  case  the  warning,  " DmuieiTras,  if  puiaiee  not  driid  monlhli)," 
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venient  height  on  a  firm  slab  and  in  a  good  light.  Tutu 
the  micrometer  screw,  and  tap  the  inatrument  meanwhile — 
for  the  end  of  the  lever  is  apt  to  stick  against  the  stops — 
until  the  hair  comes  between  the  two  spots  on  the  enamel 
plate.  Now  proceed  to  make  a  careful  setting  of,  say,  the 
upper  boundary  of  the  hair,  making  it  to  coincide  exactly 
with  some  easily  recognisable  irregularity  on  the  lower  edge 
of  the  upper  dot.  To  avoid  parallax  the  position  of  the  eye 
must  be  such  that  the  hair  never  appears  convex,  whether  it 
be  viewed  from  above  or  from  below.  Where  the  instrument 
is  reqidred  for  laboratory  uses  it  is  better  to  remove  the 
simple  lens  and  take  the  readings  by  means  of  a  small 
compound  microscope  of  low  magnifying  power  that  is 
placed  on  a  separate  stand. 

After  an  accurate  setting  has  been  made  the  reading 
ehould  be  taken.  Settings  and  readings  should  be  made  re- 
jieatedly  until  they  are  consistent  to  within  t^  of  a  division. 
If  it  is  foimd  that  the  plate  has  gradually  to  he  brought 
nearer  the  disc  the  instrument  is  leaking,  and  the  processes 
of  drying  and  cleaning  the  instrument  must  be  repeated. 

Use  of  Instrument  for  Comjmring  E.  M.  F. — One  polo  of 
the  battery  under  test  should  be  connected  through  an 
electrometer  key  with  the  electrode  by  passing  a  wire 
through  the  hole  in  the  top  of  the  umbrella.  The  other 
pole  is  connected  with  the  case  of  the  instrument,  which 
latter  should  he  earthed.  Readings  ehould  be  taken  in 
the  three  positions  of  the  commutator, 

Example. — DetenoiiiatioQ  of  the  value  of  the  constant 
by  means  of  20  Clark's  cells  of  K  M.  F.  29  volts. 
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Thus  the  difference  of  potential  between  the  +  and  - 
poles  is  equal  to  '282  large  divisions,  or  each  small  divi-fl 
sion  is  equal  to  :^j  ^  ^q^  =  1'06  volt. 

184  Theory  of  n  Si/mmeh'kal  Electrometer. — Let  A  de^ 
note  the  movable  part  of  the  electrometer,  also  let  T 
denote  one  fixed  conductor  and  C  the  other.  We  have^ 
thus  three  conductors,  A,  B  and  C.  Further,  let  t 
coiiductora  be  kept  respectively  at  the  potentials  Vj,  VoJ 
and  Vj. 

Now  wlien  A  is  lying  in  its  zero  position  it  maybai 
supposed  to  form  two  condensers,  one  with  the  conducting,* 
system  B  and  another  with  the  conducting  sysb  " 
A  moves  in  either  direction  the  capacity  of  the  one  con-  1 
densing  system  will  be  increased  and  that  of  the  other  will  I 
be  diminished.  Further,  if  6  denote  the  angular  change- 1 
of  position,  and  if  this  be  comparatively  small,  we  may 'I 
imagine  this  change  of  capacity  to  be  proportional  to  f 
Let  U3  call  it  c9. 

It  follows  from  the  definition  of  capacity  that  thai 
amount  of  free  electricity  lost  in  the  A  and  B  syat«m  <ytM 
condensers  as  A  goes  from  B  to  C  will  be  for  A  C^(Vj  -  Vj)  1 
and  for  B  e$(Y^-Yj).  Again,  the  amount  of  electricity  J 
gained  in  the  A  and  C  Bj'stem  on  account  of  this  motion  ■ 
of    the   needle   will    be    for   A   c5{V^  -  Vj)    and    for'  0 j 

Now  the  work  expended  in  charging  a  conductor  witlij 
the  quantity  Q  up  to  the  potential  V  will  be  iQV.  ThiaJ 
ivill  be  manifest  if  we  reflect  that  when  the  first  portions^ 
of  the  charge  are  communicated  the  potential  is  very  low^T 
its  final  value  being  V.  We  may  therefore  regard  JVb 
as  its  average  value,  and  Iience  from  the  definition  of  poten* 
tial  JQV  will  denote  the  work  exjwnded  in  chai^ng 
the  conductor.  Hence  also  if,  while  the  potential  i 
the  same  the  quantity  is  reduced  to  Q',  then,  since  tha| 
energy  of  the  system  will  now  be  JQT,  it  is  evident  t 
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a  quantity  of  energy  has  been  taken   from   tLe   system 

=  J(Q~Q)V. 

Now  when  we  have  a  condenser,  one  of  whose  plates  is 
movahle,  the  tendency  of  this  is  to  lie  as  close  as  possible 
to  the  other  fixed  plate.  Any  effort  to  separate  the  plates 
is  therefore  made  against  electrical  forces.  It  will  thus 
imply  work  spent  npon  the  movable  plate,  tlie  amount  of 
which  is  to  he  measured  by  the  energy  withdrawn  from 
the  system. 

Applying  these  principles  to  the  case  before  us,  we  see 
that  the  weakening  of  the  A  and  B  system  on  account  of 
the  motion  of  A  impHes  the  following  work  spent  upon  the 
needle : — 

j(fljv.(y.-v,}+V;(T,-v,)!     .      .      .   (1) 

On  the  other  hand,  the  motion  of  A  with  respect  to  the 
condensing  system  A  and  C  represents  the  following  energy 
gained  by  the  needle  : — 

icS{V,{Y,-y,)+Y,{y,-\,)l      .        .        .    (2) 

Hence  the  whole  energy  gained  by  the  needle  will  be 
(2) -(I),  or 

Now  this  would  likewise  be  the  energy  produced  by  a 
simitar  motion  under  a  couple  whose  moment  is 

FMV,-V,){v,--'^-^'}       .        .        .    (4) 

The  expression  admits  of  simplification  when  Vj  is  large 
compared  with  Vj  and  V^,  for  then  we  may  write — 


185.  TVw  Quadrant  Eli-dromel^r. — Tlie  simplest  type  of 
a  symmetrical  electrometer  is  that  of  Hankel,  but  the  one 
most  in  use  is  the  quadrant  electrometer.     The  fixed  con- 
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ductors  are  four  quadrantal  metal  boxes,  I,  II,  la 
Ila  (see  Fig.  103),  supported  horizoDtaUy  by  glass  in 
tors.  The  eilges  of  the  quiidranta  nearly  touch,  bo  that 
they  form  a  hollow  cylinder, 
divided  by  two  rectangular  slits. 
Within  them,  supported  by  a, 
bifikr  suspension,  is  the  needle. 
The  opposite  quadrants  are 
connected  together.  AVhen  the 
'  needle  and  quadrants  are  at 
tho  same  potential  the  needle 
is  made  to  lie  with  its  axes  of 
symmetry  parallel  to  the  inner 
edges  of  the.  quadrants,  with 
reference  to  which  it  is  sym- 
metrically placed.  But  when 
in  use  the  needle  is  raised  to 
a  bigh  potential  Vj,  whilst  the 
two  sets  of  quadrants  are  brought  to  the  much  lower 
potentials  Vj  and  Vj. 

The  needle  will  therefore  be  deflected  until  there  is 
equilibrium  due  to  the  couple  derived  from  equation  5, 
and  that  resulting  from  the  resistance  of  the  bifilar 
arrangement  to  turning.  The  deflection  of  the  mirror 
needle  is  measured  by  the  mirror  and  scale  method.  Hence 
the  angular  movement  may  be  regarded  as  small,  so  that 


the 


following  equation  will  be  true  s 
he  needle  remains  tbi 


long 


;  the  uhai^  g 


where  d  is  the  deflection  in  scale  divisions,  and  V  the  difiRj 
enco  of  potential  between  the  two  quadrants. 


Lesson  LXXXIII. — The  Quadrant  MeotrometeRrl 

186.   Apparatus.— We  shall  restrict  our  description  to  tl 
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most  complete  type  of  Sir  William  Thomson's  instrument, 
known  as  the  White  Pattern,  It  is  largely  used  for  the 
purpose  of  cable  testing.     There  are  other  simpler  forms  ^ 

the  instrument  which  are  very  convenient,  indeed  the 
Btudent  may,  with  little  labour,  construct  an  instrument 
that,  in  conjunction  with  a  water  battery,  may  be  employed 
for  the  measurements  of  this  chapter. 

Figs.  194  and  195  show  the  instrument  complete.^ 

The  parts  of  the  instrument  are — 

(1.)  The  outer  brasa  framework,  supported  by  ebonite 
levelling  screws. 

(2.)  The  Leyden  jar,  consisting  of  an  inverted  bell  jar 
containing  sulphuric  acid.  The  jar  is  coated  externally 
with  strips  of  tinfoil  in  connection  with  the  outer  fi-amo- 
wort  The  jar  la  not  completely  coated,  but  windows  are 
left  through  which  the  inside  may  be  seen. 

(3.)  The  jar  is  covered  by  the  main  cover,  on  the  top  of 
which  may  be  seen — 

(a)  Alkrometar  head  M  for  adjusting  one  of  the  quad- 
rants, 

(&)  The  electrode  of  the  indadiim  plate. 

(c)  The  head  of  the  replfnislicr. 

{d)  The  electrodes  A,  B,  and  C. 

(e)  The  circular  level. 

(/)  Thelanlein. 

(4.)  On  the  inside  of  the  main  cover  are — - 

(a)  The  quadrants. 

(b)  The  induction  plate  above  one  of  the  quadrants. 

(c)  The  aluminium  needle. 

(5.)  Within  the  lantern  is  seen  the  glass  stem  supporting 
the  aitractrng  plale,  and  above  the  lantern  is  the  gauge,  which 
is  really  a  portable  electrometer.     The  attracting  plate 

Such  B£  Elliott's  Lecture  I'atterB,  and  tte  iostrumeiiLa  of  EaLl- 
rausch  and  Mnacart. 

'  We  hare  reproduced  tlieae  figures  with  somscliangoBfrom  Gordon's 
SlecCriei/ij  and  Moffoetuim,  which  should  ha  uonsitltod, 

VOL.  11.  2  F 


J34  i'ractical  physics. 

aupporta,  by  a  Ujilar  suspensiov,  the  viirror  and  needle. 
From  the  bottom  of  the  last  ia  Buapended  a  fine  platinmn 
wire,  having  a  platinum  weight  at  ita  end.     The  WMrf 


and  the  lower  portion  of  tiie  wire  are  immersed  in  the 
sulphuric  acid.  The  upper  portion  of  the  wire  pasBea 
through  a  proteding  iuhe. 

(6.)  The  method    of  Buspension  of    the   needle   allows 
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either  fibre  to  be  raised  or  lowered,  or  the  upper  enda 
to  be  more  or  less  separated,  according  to  the  degree  ot 
sensibUitj  required.     ThcBC  adjustments  are  made  by  the 


help  of  two  screw  keys,  which,  when  not  in  use,  are  kept 
near  the  place  marked  "  main  cover"  (Fig.  194). 

(7.)  The  needle  is  of  the  thinnest  sheet  aluminium  tiiat 
will  give  the  necessary  stifTness.     It  is  cut  in  the  form  of  a 
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iiat  dumb-bell  or  canoe-paddle.     Its  area  is  i'2  sq.  cm.,  and 
it  weighs  -07  gm. 

(8.)  The  gauge  ia  really  a  secondiiry  electroineter  of  the 
attracted  disc  type. 

(9.)  The  quadrants.  One  of  thom  may  be  moved  by 
the  screw  M,  the  others  by  sliding.  The  quadrant  having 
the  induction  plate  above  it  is  provided  with  a  dmnsjUalor, 
which,  is  simply  a  brass  arm  mounted  on  a  vertical  asis,  so 
that  by  turning  a  milled  head  on  the  main  cover  the  brass 
arm  may  be  caused  to  touch  the  quadrant  and  so  remove 
any  charge. 

(10.)  The    Eeploniaher.      This    is    a    simple    influence; 
machine,  by  rotating  which  the  charge  of  the  needle  majtj 
be  increased  or  lessened.      For  a  description    of   it 
ordinary  text  books  must  be  consulted. 

Preparing  the  Instrument  for  Use. — The  exact  details 
the  adjustments  are  given  in  a  pamphlet^  issued  with' 
the  instrument.  We  shall  therefore  suppose  that  the 
instrument  is  in  the  position  for  use,  with  its  lamp  and 
scale  arranged  at  a  distance  of  about  a  m^tre  from  the 
mirror. 

Chargbig  the  histrumenl. — (1.)   Twist  a  fine  copper 
round  the  chaining   electrode  C,  fasten  it  by  the  hint 
ing  screws  to  the  electrodes  A  and  B,  to  the  inductit 
plate    electrode,   and   to  one    of   the    binding  screws 
the  main  cover.     Itaiso  C  and  tnm  it  clock- 
will  bring  it  into  contact  with  the  metal-work  and 
electrical  communication  tlirough  the  acid  with  the  needW 
The  reflected  image  should  now  be  at  the  middle  of  th«' 

(2.)  Disconnect  the  wire  from  0  and  give  the  needle 
positive  charge  by  a  succession  of  small  sparks  from 
electrophorus  until  the  hair  of  the  aluminium  balance 
the  gauge  rises.     Make  an  exact  adjustment  of  the  hair  b] 


,  so 

.OVB    ^^J 

M 

rith-^^ 
the  ' 
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means  of  the  replenisher,  tapping  meanwhile  the  gauge  to 
free  the  end  of  the  lever  from  the  stops. 

(3.)  The  effect  of  charging  the  jar  will  probably  be  that, 
owing  to  want  of  symraetry  of  the  quadrants,  the  needle 
will  be  deflected.  By  means  of  the  micrometer  screw  and 
sliding  the  quadrants  in  or  out  the  reflection  must  ho 
brought  back  to  the  middle  of  the  scale. 

Metfwd  of  comparing  E.  M.  Fs.  not  greater  Ihan  4  Volts. — 
Connect  with  the  electrometer  key  (Fig,  1 83,  p.  419)  aa 
follows : — a  and  6  with  electrodes  A  and  B.  A  is  also  con- 
nected with  one  of  the  binding  screws  on  the  main  cover, 
and  B  is  connected  with  the  electrode  of  the  induction 
plate.  The  poles  of  the  battery  are  connected  with  c  and  d 
of  the  key.  Readings  are  taken  in  the  three  positions  of 
tho  key.  The  deflection  on  both  sides  of  the  zero  position 
should  be  equaL 

Method  of  eomparinif  E.  M.  Fs.  tiot  greater  than  100  J'oUs. 
— Everything  being  as  before,  we  raise  the  electrode  B  out 
of  contact  with  its  quadrant.  The  only  charge  that  will 
be  received  by  this  quadrant  will  he  due  to  what  may  be 
induced  by  the  induction  plate  above  it.  Hence  the  sensi- 
bility of  the  instrument  will  be  so  diminished  that  E.  M.  Fs. 
as  high  as  100  volts  will  come  within  the  Tange  of  the  scale. 
Should  the  act  of  raising  the  electrode  cause  an  induced 
chaise,  producing  a  deflection  of  the  needle,  it  will  be 
necessary  to  put  the  quadrant  into  connection  for  a  short 
time  with  the  case  by  turning  the  milled  head  of  the  dia- 
insulator, 

187.  Otliei-  Uses  of  the  Electromeler.—(l.)  The  electro- 
meter may  replace  the  galvanometer  in  many  teats,  eiich  aa 
the  following : — 

(a)  Ijdemal  Residanee-  of  Battery. — The  deflection  is 
observed  with  the  battery  in  open  circiuf,  and 
then  with  a  shunt  between  its  poles.  The  formula 
of  Art  1 72  is  then  applied. 
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(b)  Resistance  of  a  Conductor, — Keplace  the  high  resist- 

ance galvanometer  of  Lesson  XXX.  by  the  electro- 
meter. 

(c)  Measurement  of  Capacities, — Replace  the  galvanometer 

of  Lesson  LXXX.  by  the  electrometer. 
(2.)  For  cable  work  the  electrometer  is  convenient, 
especially  for  determining  the  insulation  resistance  of  the 
cable.  The  method  consists  in  observing  the  time  T  in 
seconds  that  the  cable  charged  as  a  condenser  of  capacity 
F  takes  in  falling  from  the  potential  V  to  v.     The  formula 

T 
R= i 

2-303  Flog - 


V 


gives  the  insulation  resistance.^ 

^  For  details,  see  Journal  Tel,  Eng.,  vol.  ii.  pp.  174  and  351.  The 
method  may  also  be  applied  to  find  the  insulation  resistance  of  ebonite, 
etc.,  insulators.     See  Gray,  Absolute  MeastireTnentSf  p.  112. 
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THE  WHEATSTONE  NET. 

1.  In  describing  the  measurement  of  resistance  by  means  of  the 
Wheatstone's  bridge  nothing  was  said  about  the  best  values  to 
give  to  the  arms  in  order  to  determine  the  unknown  resistance 
with  the  greatest  possible  exactness.  A  complete  discussion  of 
these  conditions  requires  a  perfect  familiarity  with  certain 
corollaries  of  Ohm's  law  known  as  Kirchliofrs  Laws.  We 
shall  in  this  Appendix  endeavour  to  explain  these  laws,  and 
apply  them  to  a  system  of  resistances  arranged  after  the  manner 
of  the  Wheatstone's  bridge,  and  which  may  be  called  the 
W  neatst one's  Net,  &  net  oi  network  being  the  general  term 
for  a  system  of  interlaced  resistances. 

Let  us  consider  two  points,  A  and  B  (Fig.  1),  in  a  conductor 
conveying  a  current  of  electricity,  the  resistance  between  the 


A  B 

Fig.  1. 

two  points  being  R.  If  the  potentials  at  A  and  B  be  denoted 
by  these  letters  themselves,  then,  by  Ohm's  law  (it  being  under- 
stood that  a  positive  current  flows  from  a  point  of  higher  to  a  point 
of  lower  positive  potential)^ 

C=— p-- (1) 
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[A. 


or 
or 


CR=A-B 


R= 


A-B 


•     (2) 


.     (3) 


expressions  which  wiU  be  frequently  used. 

Now  if  a  battery  or  other  electromotor  be  included  between 
A  and  B,  its  electromotive  force  resulting  from  a  difference  of 
potential  £,  then,  presuming  R  to  be  as  before, 


(A-B)±E 
Ci- g 


•     (4) 


the  sign  of  E  depending  upon  the  direction  of  the  poles  of  the 
battery,  or 

CiR=(A-B)±E  .        .         .     (5) 

in  other  words,  the  algebraical  difference  of  the  potentials  at  two 
points  in  a  circuit  is  equal  to  the  current  between  the  points 
multiplied  by  the  included  resistance. 

Consider  next  any  number  of  currents  approaching  or  leaving 
any  point  0  (Fig.  2),  then,  since  there  is  no  accumulation  of 


Kg.  2. 


Fig.  8. 


electricity  at  O,  the  swm  of  the  currents  that  leave  the  point  is  equal 
to  the  sum  of  those  that  approach  the  point ;  hence 


C2  +  C4  +  C8='Ci  +  C3  +  C5    . 


(6) 
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This  is  llie  first  law  of  KircMiofF,  wliich  may  he  applied 
to  every  node  or  jioint  of  meeting  of  currente.  CunsiJering 
tliat  cuirents  flowinj;  to  the  point  have  an  opposite  eign  to  those 
flowing  from  it,  this  law  may  be  thus  expressed  : — 

Law  I. — The  algebraioal  sum  of  the  ourrentB  meet- 
ing at  a  node  of  a  network  is  zero. 

2.  Again,  if  ABC  (Fig.  3)  be  any  closed  portion  of  any  circuit 

whatever,  and  if  there  be  an  electromotive  force  E  between  A 

^>  F|  Qi  I''  being  the  resistances  of  the  three  sides,  and 

p,  q,  r  the  currents  flowing  through  these  in  the  directioa  of 

arrow  heads,  then,  expreasing  the  potentials  at  the  nodes 

by  A,  B,  C,  we  shall  have  by  (5) 

(A-Bj  +  E-Pj) 
B-C        =Q} 
C-A         =Rr 
Hence  by  addition 

"We  may  extend  and  interpret  this  reealt  as  follows  : — 

Law  II. — In  any  mesh  of  a  network  the  sum  of  the 
electromotive  forces  is  equaJ  to  the  sum  of  the  pro- 
ducts of  the  resistances  into  the  reejwotive  currents 
of  the  boundaries. 

I  It  will  l)e  desirable  to  illuatrate  this  law  by  a  numerical 
example.— Let  ABO  (Fig.  3)  be  an  ordinary  complete  circuit 
(the  current  being  of  course  in  this  case  the  same  throughout), 
and  let  the  resistance  of  AC  =  7,  tliat  of  OB  =  4,  that  of  AB  =  9. 
Also  let  a  battery  of  K  M.  F.  =  20  be  introduced  between  A 
and  B,  tho  resistance  between  this  battery  and  A  being  =  3 ;  and 
finally  conceive  the  whole  orrougetnent  to  be  insulated.  Then 
to  the  right  of  the  point  where  the  R  M.  F.  acts  we  may  sup- 
pose the  potential  to  be  -)- 10,  while  to  the  left  of  it  this  will  be 
-  10,  Now  in  this  example  the  current  is  evidently  unity,  for 
C  =  |  =  ,^'^^j=li  and  since  in  swch  a  circuit  the  E.  M,  F.  or 
difference  of  potential  between  any  two  points  ia  proportional  to 
the  resistance  between  them  the  potential  at  A  will  be  —  10-|- 
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3  =  -  7  (i.e,  by  3  units  more  positive  than  that  at  the  left  of 
the  point  where  the  E.  M.  F.  acts).  In  like  manner  the  poten- 
tial at  B  will  be+  10  -  6  =  +  4,  while  that  at  C  will  be  7  units 
more  positive  than  that  at  A,  or  4  units  more  negative  than 
that  at  B ;  in  other  words,  it  will  be  =  0.     Hence  we  see  that 

Resistance  x  Garrent. 

(A-B)  +  E= -7-4  +  20     =     9x1 
B-C         =     4-0  =     4x1 

C-A         =     0+7  =     7x1 

Hence  by  addition 

E=9xl  +  4xl  +  7xl  =  20; 

or,  in  other  words,  Law  II.  is  verified  by  this  example.  Ex- 
amples will  now  be  given  of  the  application  of  these  laws. 

I.  To  find  the  combined  resistance  x  of  r^,  rg,  r^  three  branch 
resistances  (Fig.  4)  joining  the  points  A  and  B,  and  forming 


part  of  a  circuit  through  which  a  current  C  is  flowing.     Let  us 
call  the  currents  in  the  branches  Cj,  Cg,  Cg.     Then 

C-ci-C2-C3=0by  Law  I. 

Hence  also  (representing  the  potentials  at  the  points  by  the 
letters  there) 

A-B    A-B    A-B    A-B,     ^,     ,   , 

= + h by  Ohm  s  law : 

X  ri  r^  r^ 

or 

X     ri     r2     ?'3 
Hence 

1 

^=1 — i — r- 
— +— +- 

n     ra     r. 
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II.  To  find  the  relation  between  the  currents  in  the  divided 
circuits  AFB,  ADB,  AGB  (Fig.  5),  due  to  an  electromotive 
force  E  in  AGB. 

Let  us  call  the  current  in  AFB  =  Cj,  in  ADB  =  c^  in  AGB 


=  C ;  also  let  the  respective  resistances  be  r^,  r^  R.     Then 


But 


C-ci-C2  =  0  by  Law  I.     . 
E  =  CR+C2r2        „      II.   . 


E  =  CR  +  (;iri,  also  by  Law  II. 
Hence  from  (2)  and  (3) 


Ciri=car2 


.  (1) 

•  (2) 

•  (3) 
.  (4) 


Substituting  the  value  of  c^  derived  from  (4)  in  (1),  we  obtain 


and  similarly 


C2  = C. 

ri  +  r-i 


III.  Let  us  next  apply  these  laws  to  the  Wheatstone's  net, 
as  exhibited  in  Fig.  6.  The  resistances  and  the  currents  in 
the  various  lines  are  denoted  by  the  large  and  small  letters 
respectively  of  Fig.  6,  the  currents   flowing  in  the  direction 
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of  the  arrow  heads,  and  the  electromotive  force  of  the  battery 
being  E. 

By  Law  I.  we  have 

p -q-t=0 (1) 

w-r—q=0 (2) 

r  -5-^  =  0 (3) 

w-p-s=0 (4) 

Again,  by  Law  II.,  we  have 

For  mesh  WRS          -  Ww;-S5 -Rr= -E               .  (5) 

WQP         -Ww-'Pp-Qq=-E      .         .  (6) 

PST           -Fp  +Ss-Tt=0          .         .  (7) 

QTR          -Qq   +T^+Rr=0          .         .  (8) 


I) 


Let  us  now  explain  why  certain  products  have  negative  signs 
in  equations  (5),  (6),  (7)  and  (8).  For  reasons  given  in  not«  2 
§  3  we  go  round  each  mesh  in  a  direction  the  opposite  to  that 
of  the  hands  of  a  watch.  When  the  current  goes  loUh  us  we 
reckon  it  positive^  when  it  goes  against  us  we  reckon  it  negative. 

An  examination  of  these  eight  equations  will  show  that  only 
three  in  each  set  are  independent.  Thus,  for  instance,  from  (1) 
and  (3)  we  derive  the  equation  p  +  8  =  r  +  q.  Hence  given  (2) 
the  equation  (4)  will  follow  as  a  natural  consequence.  In  like 
manner  we  may  from  (7)  and  (8)  derive  the  equation  S«  +  Rr  = 
^P  +  Q^'t  hence  given  (5)  equation  (6)  will  follow  as  a  natural 
consequence. 

We  have  thus  six  unknown  quantities,  p,  g,  r,  «,  t,  ir,  and 
six  indei)endent  equations  by  which  to  find  them. 

The  solution  of  the  six  equations  is  very  laborious,  but  by 
an  ingenious  device  of  Maxwell  the  equations  may  be  reduced 
to  three.     This  device  will  now  be  explained. 

3.  MaanceWs  Method.^ — Imagine  that  round  each  cell  or  mesk 
or  cycle  of  the  network  imaginary  currents  flow,  all  directed 
in  the  same  way,  thus  round 

^  Note  on  Wheatstone's  bridge,  p.  206  of  Maxwell's  Elementary 
Treatise,  or  vol.  i.  (2d  edition)  of  his  large  work.  See  also  Dr.  Flem- 
ing, "  P^blems  on  the  Distribution  of  fiectric  Currents  in  Networks 
of  Conductors  treated  by  the  method  of  Maxwell,"  Phil.  Mag,,  Septem- 
ber 1885. 
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WES  there  is  a  current 
QTR         „  „       ' 

PST  „  ,.       • 

ike  direction   of  the  tyarrerUs  being  the 
Bpp(mte    to    thai    of   the   handi    of  a 
itatck.^     Here  the  b^dh  of  x,  y,  e,  etc. 
may  be,   some   positive    and   otliers 
negative.     The  real  current  from 
B  to  D  is  M  -  y, 
C  to  D  is  y  -  a, 
D  to  A  is  E  -  s. 
To  avoid  additional  letters  desig- 
nate the  potentials  at  the   nodes  by 
the  letters   placed   there.      Then,  by 

A-B^We-E  .  .  (I) 
B-D^n^-y)  .  .  (3) 
D-A=S(;.-j)    .         .     (3) 

Hence  adding  together  (1),  (3),  and  (3) 


E=a(W+R+S)-Ri/-S3. 


This  is  called  the  eqiiation  of  the  x  cycle.     To  form  the  equatioi 
of  any  cycle  we  have  hence  the  following  rule  ; — 

MaxfoeWs  Euk. — The  effective  B.  ML  F.  (written  +  or 
-  according  as  it  is  witli  or  against  the  cycle  current) 
In  any  cycle  is  equal  to  the  product  of  the  aum  of 
the  resistances  of  the  boundaries  into  the  cycle 
symbol  (current),  less  the  sum  of  the  products  of 
each  neighbouring  cycle  symbol  (current)  into  the 
resistance  of  the  common  bounding  cell. 

By  tlie  aid  of  tliia  rule  the  equations  o[  llie  vnrioiia  cycles 
can  he  immediately  written  down.     TVe  thus  get 


'  TUia  way  of  regarding  curfonts  lias  boei 
Car  the  following  reason.  A  current  is  ( 
navigated  positively  when  you  walk  round  i 
bouudnry  an  your  right  hand. 


adopted  by  Dr.  Fleming 
imidered  to  bo  circum- 
,  inside,  BO  Its  to  keep  tho 
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E=a:(W  +  R  +  S)-2/R-£S  .     (a) 

0=3/(Q +R  +  T)-a;R-2T         .         .        .     (jS) 
0=2(S   +T  +  P)-yT-a;S         .         .         .     (7) 

4.  The  equations  that  we  have  just  written  down  will  be 
applied  for  finding  the  resistance  of  the  network  from  A  to  B. 
Let  us  call  this  r,  then  we  have 

r= by  Ohm's  law. 

But 

B  -  A = E  -  Wic  by  KirchhoflPs  second  law. 

Hence 

E-Wa;     E    „^ 
r= = W. 

X  X 

Now  a  little  consideration  will  show  us  that  the  resistance 
of  the  battery  branch  may  be  anything  we  please  without  affect- 
ing the  resistance  of  the  rest  of  the  network.  Let  us  therefore 
make  W  =  0,  hence 

E 
r=— . 

X 

It  will  therefore  be  necessary  to  determine  the  value  of  x  from 
the  equations  (a),  (jS),  (y),  first  putting  W  =  0.  The  student 
will  save  himself  much  mechanical  labour  in  solving  such 
equations  if  he  will  master  the  elementary  principles  of  deter- 
minants. 

For  our  present  purpose  it  will  be  sufficient  to  exhibit  the 
general  solution  obtained  most  easily  by  the  method  of  deter- 
minants of  three  equations  of  the  first  degree  between  three 
variables.     Let  these  three  equations  be  as  follows  ; — 


then  will 

also 

and 


aix  +  hiy  +  ciz=di 

a^+hy  +  C3Z=d3 

_  diAi  +  (^Ag  +  c^  A3 
~  «!  Ai  4-  ChiM  +  asAs* 

diBi  4-  t^B2  4-  dsBs 


y= 


biBi  +  b2B2  +  bzh3' 


_diCi  +  dA±d^ 
~  C1C1  +  C2C2  +  C8CS* 
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where 

Ai=b^-bsC2j  Bi=asC2- 02^81  01=02^8-0362  J 
A2 = bzCi  —  hiCzi  B2 = aiCs  -  osCi,  C2 = Os&i  -  a\hz  ; 
As = &1C2  —  h^if     Bg = oofii  —  diCa,     C3 = a-J)^  —  a^i, 

the  student  will  find  that  the  denominators  of  a,  y,  »  in  the 
above  expressions  are  the  same. 

Now  let  us  suppose  that  P=  1,  Q  =  2,  R  =  3,  S  =  4,  T  =  5, 
(W  being  =  0),  then  the  equations  (a)  (fi)  (y)  will  become 

1x-  Zy-  42=E 
-3a;  +  10y-  52=0 
-4a;-   52/  +  10«=0. 


Hence 


Hence  also 


and 


Ai  =  10xlO-  5x5  =75 
A2=  5x  4+  3x10  =  50 
A8=  3x   5  +  lOx    4  =  65. 


aj= 


75E 


.^75E 

7x75-3x50-4x56     156* 


E     155     „  ^. 
r=— =-^=-=2-0/. 
a;       75 

5.  To  get  the  real  current  in  any  common  cell  boundary  it 
will  be  necessary  to  take  the  diflference  of 
the  imaginary  cycle  currents.  Thus  if  we 
require  the  current  in  T  it  will  be  necessary 
to  find  both  y  and  z^  and  then  take  their 
difference.  Maxwell  diminishes  the  labour 
by  giving  the  symbol  y  to  one  cell  and  y  +  » 
to  the  other,  then  »  =  y  +  2  —  y  will  give  the 
real  current  in  the  boundary.  This  will 
be  better  understood  by  the  following  ex- 
ample : — 

Genei'al  case  of  Wheatstone^s  Net — Prob- 
lem,— To  obtain  the  equation  of  the  cur- 
rents in  the  most  complicated  case  that 
occurs  in  practice,  namely,  when  there  is 
an  E.  M.  F.  (Eg)  in  one  of  the  arms.  From 
the  diagram  (Fig.  8)  we  obtain,  by  applying  Maxwell's  rule, 
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(W+R  +  S)a;-%-S(y  +  2)=Ei.  .         .  (1) 

(Q  +R+T)y-Ra;-T{y+2)  =  E2.  .  (2 

(P  +S+T)y+2)-Ty-Sa;         =0  .  .         .  (3) 

which  become 


Hence 


where 


(W  +  R  +  S)a;-(Il+S)y-S2  =Ei        .         .      (4) 

-Ka:+{Q  +  R)y-Tz  =E2        .         .      (5) 

-Sa;+(P+S)y  +  (P  +  S  +  T)2=0.  .      (6) 


Ei(SQ  -  RP)  -  Ea  {P( W  +  R  +  S)  +  WS| 


D=S{R(P+S)-S(Q  +  R)}-T{S(R+S)-(W  +  R+S)(P  +  S)}  + 

(P  +  S+T){(W+R  +  S)(Q  +  R)-R(R+S)}  (I.) 


then  if  Eg  =  0 

_Ei{QS-PR} 


(II. 


If  z  also  =  0,  then 


QS-PR=0,  orl=-|  .         .     (III.) 


which  is  the  principle  of  Wheatstone's  bridge. 

6.  Best  Position  of  Battery  amd  Galvanometer. — Since,  when 
the  equation  q^  =  ^  is  satisfied,  »  =  0,  the  current  in  W  is  there- 
fore indei)endent  of  the  resistance  of  T. 

These  branches  are  now  said  to  be  cosijufirate,  and  it  may- 
be proved  that  this  relation  is  reciprocal ;  that  is  to  say,  if 
the  battery  be  placed  in  the  arm  T  and  the  galvanometer  in  W, 
then  (flie  resistances  of  these  arms  remaining  the  same)  the  current 
in  T  will  be  independent  of  the  resistance  of  W.  If  the 
galvanometer  is  very  delicate  it  will  of  course  be  quite  imma- 
terial whether  it  is  placed  in  the  arm  W  or  the  arm  T ;  but  if 
the  galvanometer  be  not  very  delicate  it  is  a  matter  of  import- 
ance to  know  in  which  position  it  will  give  the  most  accurate 

adjustment  Let  us  therefore  suppose  that  the  relation  q  « -E 
is  nearly  but  not  exactly  fulfilled,  and  find  by  which  comers 
of  the  bridge  the  battery  and  galvanometer  should  be  connected. 


Bule  A. — Qalvanometep  RefiiBtence  ? 
Battery  Besiatance        .         .         .  . 


BeGiBlani 


<  BaUei 


The  following  rules,  deduced  from  the  equutioiiB  already  given, 
will  be  found  fully  proved  in  Maxwell's  Eleetrieiiy  and  Ma^iet- 

'  Gahanometer  ehould 
he  connected  between 
the  corner  which 
represents  the  junc- 
-!  tionofthe  twosmall- 
BBt  arm  reBistances, 
andthatwhich  repre- 
sents   the    junction 
of  the  two  gi'eatest. 
Battery    should     be 
connected     between 
the  comer  which  re- 
presents the  junction 
-  of  the  two  Bmalleat 
oi-u.Lc       ......     ^^_^  resifltances,  and 

that  which  represents 

the  junction  of  the 

two  greatest. 

Example.— ThuB  if  P  =  Q=  1000,  R  =  8  =  100,  T=  5000, 

and  W  =  50,  then  the  battery  would  be  joined  to  A  and  B,  while 

the  galvanometer  joins  C  to  D  (Fig.  7,  p.  446). 

7.  Another  point  ia  to  ascertain  what  is  the  heat  value  of 
galvanometer  resistance  to  nee  for  a  particular  purpose.  The 
following  rule  is  proved  by  L.  Schwendler;— ' 

Bule  B. — The  bent  value  of  the  galvanometer  resistance  is 
when  thia  equals  the  resistance  of  the  suma  of  the  arms  on  either 
side  of  the  galvanometer  branch,  these  two  added  reaistancea 
being  placed  in  multiple  arc. 

ExampU.—U  P  =  Q  =  2,  H  =  S  =  3,  then  P  +  Q  =  4  and  B-H 
S  =  6.      Hence 


1 
1  +  * 


■-2i. 


'  On  "Ths  GalvBoomBter  RcBistiin€a  t 
with  Wheatstone'B  Diagram,"  Phil.  Mug.,  1 

VOL.  n. 


be  emplnyed  iu  Testing 
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8.  The  next  point  is  the  best  value  of  battery  resistance.^ 
Disregarding  the  galvanometer  resistance,  since  it  is  conjugate, 
here  we  have  the  following  simple  rule  : — 

Rule  O. — The  best  value  of  the  battery  or  internal  resist- 
ance is  when  this  is  equal  to  the  external  resistance,  not  includ- 
ing that  of  the  galvanometer. 

Example.—^  =  100,  Q  =  10,  R  =  50,  S  =  500, 

W=-^ Ii"~^^  nearly. 

O.  Finally  we  have  to  study  the  best  arrangement  of  arms.^ 
Here  we  have 

Q=yBw|±^       •        •        •    K"1«D 
'P=VfW       ....     RvdeE 


-V' 


S=./RT|tW  ^^^^^ 


Here  R  is  supposed  to  be  the  resistance  to  be  determined,  while 
that  of  the  battery  and  galvanometer  are  regarded  as  fixed.  If 
both  battery  and  galvanometer  may  be  changed,  then  the  best 
arrangement  is 

P=Q=R=S=T=W       .  .     RuleG 

10.  ThomsorCs  Galvanometer  Resistance  Method, — Here  the  gal- 
vanometer whose  resistance  is  required  is  removed,  say  to  arm 
Q  (Fig.  9),  and  a  key  substituted  in  its  previous  place  at  T. 
Adjustment  is  made  until  on  opening  and  closing  the  key 
the  current  through  Q  is  unaffected.  Now  when  this  takes 
place  it  is  clear  that  the  current  is  independent  of  the  resist- 

^  For  a  discussion  of  this  the  reader  is  referred  to  Cumming, 
Introduction  to  the  Theory  of  ElectricUyf  Art  170. 

^  See  Oliver  Heaviside  on  "The  Best  Arrangement  of  Whetstone's 
Bridge  for  measuring  a  Given  Resistance  with  a  Given  Galvanometer 
and  Battery,"  Phil.  Mag.,  July  1873 ;  and  Kempe's  Handbook  of 
Electrical  Testing  (new  edition),  p.  173,  where  an  algebraical  proof  is 
given. 
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^M    once  of  T,  Emd  hence  that  the  condition  PR  =  QS  must  be 
^P    fulfilled.     It  may  likewise  be  shown  that  the  adjustment  will 

he  the  more  delicate  the  greater  the  difference 

in  the  amount  of  cnrrent  that  pasBes  through 

the  galvanometer  due  to  opening  or  closing 

the    key,    when    the    balance    is    not   quite 

perfect,  and  it  can  be  thowii  that   this  gives 

us  the  following  rale  ; — 

Rule  H, — The  proportionB.1  (P  and 
Q)  arms  to  differ  as  much  as  possible. 

— The  algebraical  proof  of  these  points  may 
he  left  to  the  student  as  an  exeivise  on  the 
use  of  the  preceding  equations. 

IL  Mance's  Battery  Beneiunce  Method. — 
The  battery  whose  internal  resistance  is  I'e- 
quired  is  placed  in  the  Q  arm  and  a  key  in  ^^  ^ 

the  W  arm  (the  galvanometer  being  in  T), 
and  the  resistances  of  the  arms  ore  adjusted  until  no  change 
is  produced  in  the  galvanometer   by  opening  or  shutting  the 
key  in  W.     Here  B|  =  0,  and  bence  the  current  through  the 
galvanometer  is 

„P(W+R+81+WS 


Now  when  W  =  0,  we  shall  have 

,-     E.  P(E-h8) 

'~"^f(P  +  Q)(E  +  S)  +  PQ(fi  +  St  +  R8(P  +  Q)' 

and  when  W  =  a: ,  we  shall  have 

^__P (P  +  S) 

^~     ^T("P  +  Q  +  E  +  3)  +  (Q  +  E)(P  +  8)- 


PQ(R+8)+ES(P+Q)~(Q-Hl){P+ 
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This  equation  will  be  satisfied  if  PR  =  QS  as  before,  also  the 
rule  for  the  best  effect  will  be  Rule  H. 

12.  Resistance  containing  an  E,  M,  F, — This  will  be  the 
general  case  where  there  are  two  electromotive  forces  in  the 
circuit.  Here  the  galvanometer  is  supposed  to  be  in  T,  while 
Q  is  the  unknown  resistance  containing  the  E.  M.  F.  Eg. 
Hence  we  have 

Ei(QS  -  PR)  -  E2(P( W  +  R  +  S)  +  WS) 
'  = D 

If  the  resistance  be  adjusted  until  2  =  0,  then 

Ei(QS-PR)-E2(P(W  +  R  +  S)  +  WS)=0       .        .     (1) 

Suppose  now  that  the  direction  of  E^  is  reversed  and  a  new 
adjustment  made  as  above,  R  becoming  R',  then  we  shall  have 

-Ei(QS-PR')-E2(P(W  +  R'  +  S)  +  WS)=0    .        .     (2) 

From  (1)  and  (2)  the  unknown  resistance  Q  can  be  found. 

The  simplest  case  will  be  when  R  is  nearly  equal  to  R'  and 
Eg  is  small,  then,  since  the  second  members  of  the  equation  may 
be  supposed  to  be  left  out,  we  shall  have 

QS  -  PR = PR  -  QS,  or  2QS = P(R  +  R'). 
Hence 

Q=|-^ (3) 

In  general,  since  (1)  and  (2)  hold  for  all  conceivable  values  of 
Ej  and  Eg,  we  must  have 

PR-QS  _  P(W+R+S)  +  WS 
QS-PR'"P(W  +  R  +  S)  +  WS* 

Hence,  by  compounding, 

P(R  +  R')-2QS  P(R-R) 


P(R  -  R')         2(PW  +  PS  +  WS)  +  P(R + R') 

or  P.  (R+R)(PW  +  PS  +  WS)  +  2PRR^ 

^"  S       2(PW  +  PS+WS)  +  P(R+R') 


(4) 


and  if  W  is  very  small 


EqnationB  (3),  (4),  (5),  (6)  give  Rule  K,  enabling  ua 
to  determine  the  value  of  a.  resistance  which  contains  an 
!.  M.  F. 

13,  Faise   Zero   Method. — The   rather   troubleaome    calcula- 
tion of  Q  from  the  formulas  of  lost  article  may  altogether 
^  avoided  if  we  once  for  nil  m-easure  the  resistance  of  the 
sting   battery,   and    arrange   bo   that   it    may    be    substituted 
r  a  wire  reaiatance  of  eqnal  value  by  jiressing  a  key.     Then, 
if  an   equai   deflection   be   obtained  when    E^   is   in    circuit 
and   when   ita   equivalent   reaistan<ie   is   substituted,   we    eball 
have  the  coefficient  of  E,  in  equation  (1)  of  last  article  ^  0. 
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14.  Application  of  Rules  K  and  L. — They  have  two  important 
sea.  (1.)  For  determining  the  metallic  resistance  of  cables. 
Here,  when  a  second  cable  is  not  available,  the  return  circuit 
has  to  be  made, by  means  of  the  earth,  which  will  cause  the 
introduction  of  an  E.  M,  F.  into  the  resistance  on  account  of 
earth  currents  and  polarisation  at  the  plates  nsed  to  get  con- 

tion  with  the  earth.  (2.)  For  ascertaining  the  resistance  of 
the  earth  in  the  cose  of  a  lightning  conductor.  Connections 
would  he  made  between  the  lower  portions  of  the  conductor  and 
a  yood  earth,  such  as  a  system  of  water  pipes.  For  the  same 
reason  as  before,  the  resistance  ujider  nieaaureroent  would  con- 
tain an  E.  M.  F.  To  eliminate  the  error  doe  to  the  use  of  this 
second  earth,  it  is  belter  to  follow  the  plan  of  Jamieaon,  who 

i  a  Ihird  avrth,  such  as  that  of  the  system  of  gas  pipes. 
Measurements   are  made  between  earths  A  and  B  say,  then 


between  A  and  C,  and  finally  between  B  ami  C.     Fi 
three  values  it  ia  easy  to  find  A,  B,  and  C. 

16.  Experimental  Proof  of  Net   Laws. — It   will  be 
inBtmctive  exercise  for  tlie  student  to  measure  actually 
current  in  all  tbe  brancteB  of  a.  Wheatatone's  bridge,  oi 
resistance  from  one  comer  to  another,  anil  thus  prove  the 
just  given. 

For  this  purpose  a  model  of  the  net  may  be  used  (see 
Fig,  10).  The  reaiatanoes  P,  Q,  R,  S,  T  may  be  coils  having 
their  reaistances  in  the  ratio  1,  3,  3,  4,  6.     For  E,  and  ~ 
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Grove's  cells  may  be  used,  two  cells  for  Ej  and  one  cell 
Eg.     The  resistance  of  these  cells  should  be  ascertained  in 
usual  maimer.     For  measuring  the  currents  a  galvanometer  a 
negligible   resistance   will   be   required.      The   arrangement  ( 
binding  screws  ahown  in  the  model  will  enable  the  galva 
and  batteries  to  be  placed  in  imy  one  of  the  amis  by  r 
any  of  the  copper  strips   shown   clamped   under   the 
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FORCE—POTENTIAL— LINES  OF  FORCE— ELECTBI- 
;CAL  UNITS— INDUCTION. 

L  The  followiitg  propoaitions  regarding  forces,  wliicli  vary 
inversely  aa  the  aqiidre  of  the  distance,  will  be  found  in  all  f«st- 
bookB,  BO  that  while  it  is  desirable  to  state  them,  it  will  uot  be 
necessary  to  furnish  proofs. 

Pro}Kmtiorv  I. — A  uniform  spherical  shell  exereiseii  no  attrac- 
tion upmt  a  particU  placed  vjithin  'it. 

For  an  experimental  proof  of  this  in  the  case  of  electricity, 
the  stadent  is  referred  to  the  first  chapter  of  this  volume. 

Pmpetition  II.— Tk^  attraction  of  a  'uniform  spherical  shell 
upon  a  particle  plaetd  'withovt  it  it  the  same  as  if  its 
whoU  mam  were  collected  at  the  centre. 

It  follows  from  this  proposition  that  if  p  denotes  the  volnme- 
denaity  and  r  the  radius  of  the  shell,  of  which  the  thickness  is 
8,  while  d  is  the  distance  of  n  point  from  the  centre,  and  if  unit 
of  attracting  matter  he  placed  at  this  point,  then  the  attraction 
on  it  of  the  shell  will  be  ^^^ ,  in  which  expression  the  numer- 
ator represents  the  whole  mass  or  attracting  matter  of  the  shell, 
while  the  denominator  is  causeil  by  the  law  according  to  which 
the  attraction  varies  with  the  distance. 

2,  It  will  be  noticed  that  both  for  gravity  and  for  electricity 
the  attraction  is  proportional  to  the  product  of  the  attracting 
matter  into  the  attracted,  and  in  conformity  with  this  we  find 
in  page  18  of  this  volume  that  if  a  quantity  of  electricity  =  m 
attracts  another  i[uantity  =  n  the  whole  attraction  is  propor- 
tional to  the  product  mn.  This  enables  ns,  as  we  have  seen 
(page  18),  to  define  unit  quantity  of  eltctrieity  at  that  vMch  will 
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exert  taiit  of  /ores  {oiie  Aym)  on.  a  qjumlity  equal  to  itself  a 
placed  at  w%it  diilmtce  fTom  it  (one  centimitTe)  in  air.     It  folloi^ 
at  once  that  vnit  surface  dendty  of  electricity  laeana  unit  of  qv^ 
on  iinii  of  awrfart,  that  is  to  say,  on  one  square  centimHre. 

3.  Let  us  now  suppose  that  we  liare  coucentraited  map 
a  unit  of  positive  electricity,  and  that  we  have  likewise  a 
flulflted  conducting   spherical  shell  chained,  let  us  say, 
negative  electricity.    Let  p  repretient  the  density  of  the  electricM 
on  the  surface,  and  let  r  be  the  radius  of  the  shell,  while  ijia  n 
distance  of  the  positive  unit  from  the  centre  of  the  shell 
hy  §  1   we  may  conceive  all   the  electricity  of  the  shell  to  I| 
concenti'ated  at  ita  centfe,  and  hence  the  attraction  upon  l" 
unit  wiU  be  -£r-     ^^  ^^^  unit  be  brought  quite  close  t 
surface,  being  still  without,  then  d  will  be  virtually  equal  to  * 
and  the  above  espresaion  will  become  ivp.    No  doubt  the  u 
acting  inductively  would  aomewhat  alter  the  uniform  diBtritn 
tion  of  the  electricity  over  the  surface  of  the  shell,  but  for  w 
present  purpose  this  may  be  disregarded,  since  the  journey  8 
the  unit  ia  an  imaginary  one.      Hence  the  force  of  the  eleotrifiei 
system  upon  the  unit,  at  or  near  the  surface,  but  still  witho<l| 
will  be  irp,  this  force  tending  to  the  centre.     If  we  no 
the  unit  continuing  its  journey  to  have  pierced  the  sur&ce,  ( 
to  be  within  the  enclosure,  the  force,  according  to  Proposition 
will  be  zero.    Thus  the  piercing  of  the  surface  has  produced  I 
change  upon  the  force  =  4jrp. 

Exactly  the  same  reasoning  will  apply  to  a  gravitating  ephac 
ical  surface  auch  as  that  of  the  earth.  Imagine,  for  i 
that  the  surface  of  the  earth  iaa  Ktrictly  spherical  surface  coverfl 
with  water,  and  that  we  dive  beneath  it  through  a  certain  d 
tance  S.  We  shall  thus  have  thrown  above  us  a  certain  shell  a 
the  earth's  substanca  Before  we  began  to  dive  the  attractlM 
of  this  shell  taken  all  round  the  earth  was  the  same  ai 
matter  composing  it  was  concentrated  in  the  earth's 
After  we  have  dived,  however,  the  attraction  of  this  shell  n 
count  for  nothiug,  and  the  vrhole  attraction  will  be 
rainiahed  in  consequence. 


<1  It  will  at  01 


n  that  before  we  bega 
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waa  Lountled  by  a  circular  horizon  embracing  watery  particleB, 
which,  we  might  regajd  without  Bensible  error  aa  forraing  a  flat 
circular  surface.  The  matter  in  this  flat  circular  surface  through 
Q  depth  S  would  exercise  a  dmenward  attraction  upon  us  before 
we  began  to  dive,  but  after  we  had  reached  this  depth  the 
matter,  being  above  na,  would  exert  now  an  equal  upward  attrac- 
tion. On  the  other  band,  as  regards  the  very  distant  particles 
of  the  shell,  our  position  lias  so  little  changed  that  we  may 
view  their  attraction  aa  unaltered  by  the  operation  of  divii^. 
There  ia  thus  a  portion  of  the  whole  attraction  which  changes 
sign,  and  another  portion  which  remains  leneibly  constant. 
Precisely  the  same  thing  happens  in  electricity  ;  here  let  ns 
call  the  part  which  changes  sign  z  and  the  constant  part  0. 
Hence  we  obtain 

C-J=0, 
from  which  it  follows  that  x  =  Stt/x  Etnce  the  normal  ekdric 
attractum  of  any  plate  of  density  p  on  unit  quantity  of  eltctrietiy 
placed  at  a  ditUaice  from  ii,  very  sntall  as  compared  with  its  diam- 
eter, will  be  2irp.  We  have  already  made  use  of  this  proposition 
in  explaining  the  theory  of  Thomson'a  electrometer. 

6.  We  now  come  to  the  subject  of  potential  Let  us  suppose 
that  we  have  a  centre  of  positive  electricity  at  a  point  0,  (Fig. 
IIX  containing,  let  ue  say,  Wj  units,  ami  let  it  act  on  a  unit  of 


Fig.  i:. 

positive  electricity  placed  at  a  point  Pj.  Tliere  will,  of  course,  be 
repulsion  along  the  line  OjP],  and  let  us  suppose  that  in  course 
of  time  the  unit  is  driven  to  a  point  Pj  on  the  same  line  (0,Pj 
being  greater  than  0,P,,  bnt  the  two  points  being  very  near  each 
other).  The  force  at  the  one  point  will  be  -g^  and  that  at  the 
other  (^,«-  These  two'  expressions  are  very  nearly  the  same, 
and  it  may  be  shown  that  in  this  case  the  average  attraction  ia 
best  repreaented  by  ^  jrrVp"-  Now,  a  distance  PjPj  i*  gone 
over  in  the  line  of  action  of  this  force,  and  hence  an  amount  of 


kinetic  energy  will  be  gained  by  the 
multiplied  by  tbe  distance  gone  over,  i.e 

_  i«i|Q,Pa-OjPil 


"OiPi-OiP,         0,Pi  ■  0,Ps  ^(0,P,     OjPji 


Next  consider  another  small  clement  of  the  path,  between 
and  another  point  Pj  ;  here,  by  precisely  similar  reaaoning, 
might  show  that  the  energy  gained  by  the  unit  as  it  proceedi 
through  thia  element  will  be  ™i'iop"~iTT"r'  '*'"^  hence  the 
whole  enei^  through  both  elements  of  its  path  will  bi 

Here  the  law  is  obviouB,  so  that  if  it  go  from  any  point  P I 
any  point  Q  we  shall  have  the  energy 


It  may  be  easily  shown  that  the  above  expression  will  be  ti 
even  thongh  0,P  and  OjQ  should  not  be  in  the  same  line,  p 
vided  only  that  the  distances  of  the  points  P  and  Q  from  0,  i 
constant       For   if  it  were   not   true   it   would  be   possible  \ 
create  energy  independently  by   carrying   the  unit  along  a 
road  from  P  to  Q,  and  then  bock  again  by  some  other  i 
which  ia  manifestly  absurd. 

Having  profcd  this  point,  let  us  now  imagine  that  w 
besides  0^,  other  centres,  namely  O^,  containing  mij  units; 
containing  ntj ;  and  so  on.     Hence  similar  expressions  will  hou 
and  we  shall  have  the  whole  energy  gained  by  the  u 
from  P  to  Q 


1 


Tills  expression  may  be  written  in  a  general  foi-ni  as  folio* 


an  expression  which,  we  have  seen,  is  quite  independent  of  ti 
path  pursued  by  the  unit  between  P  and  Q. 


6.  If  the  Tinit  be  carried  from  P  to  a  point  at  an  infinite 
distance  from  the  repelling  centres,  then  ^  becomes  =  0,  and 
the  expreaaion  becomes 

EneTgj=X~. 

We  have  thus  the  following  definition  of  what  we  may  call  the 
absoliite  potenlial  at  a  point. 

If  a  point  at  tchiiA  there  is  placed  unit  of  positive  electricity 
e  at  distancea,  my  r^,  r^,  r^,  etc.,  from  centra  at  which  quaTUiiiee 
of  positive  electricity,  nij,  m^,  m^  etc.,  are  placed,  then 


will  he  the  ohmlide  ■potential  at  that  point  due  to  the  electric  syitem. 
"iVe  see  from  onr  method  of  treating  the  subject,  in  which  the 
.  is  charged  with  positive  electricity,  that  at  a  point  for 
which  S"  ia  positive,  kinetic  enei^  ia  gained  by  the  unit  as  it 
recedea  from  the  point  to  one  at  an  infinite  distance,  that  is 

0  say,  positive  electricity  tends  to  go  from  a  place  of  higher  to 

1  place  of  lower  positive  potential. 

7.  If  we  define  absolute  zero  of  poteniial  as  that  which  exists 
at  a  place  infinitely  far  removed  flfom  all  electiicity,  it  is  clear 
that  we  have  access  to  no  audi  place.  All  that  we  can  do  ia  to 
take  the  earth,  which  is  a  large  conducting  body,  as  our  standard, 
and  consider  its  potential  as  zero  of  potentiaL  A  poeitively 
electrified  body  is  therefore  one  of  a  higher  potential  than  the 
earth,  and/rom  which  positive  electricity  has  a  tendency  to  flow 
towardt  the  earth,  while  a  negatively  electrified  body  ia  one 
having  a  lower  potential  than  the  earth,  and  Imcatdt  which 
poaitive  electricity  has  a  tendency  to  flow  from  the  earth. 

8.  But  while  we  have  no  knowledge  of  absolute  potential, 
we  can  measure  differencca  of  potential,  and  may  define  unit 
difference  as  follows  ;  Unit  difference  of  electric  pateattai  esiiUt 
between  two  pointt  ic^tn.  the  ttnit  oficork  ii  spent  in  moving  unit  of 
electricity  from  tlie  oiie  to  the  other  against  electric  repuleion.  The 
render  will  now  begin  to  see  that  Oifferences  of  electric  potential 
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mean  in  reality  differences  of  electric  level,  and  just  oa 
ia  no  flow  of  water  between   two  points  that  aie  at  the 
gravitation  level,  so  there  is  no  flow  of  electricity  between 
points  that  are  at  the  same  potential  or  electric  leveL     Further- 
more, we  may,  for  any  electrical  system,  draw  a  surface  embrac- 
ing all   those  points  that  are  at   the  same  potentiaL     Such 
surface  would  be  an  e^ipotential  garface,  and  would  be 
to  the  surface  of  the  ocean  or  of  a  lake  in  the  case  of  gravil 
There  ia  therefore  no  tendency  for  electricity  to  flow  from 
point  of  an  equipotential  surface  to  another. 

We  have,  iii  the  case  of  gravity,  an  easy  method  of  measnriitg 
differences  of  level  by  means  of  the  plumb-line,  which  is  not 
applicable  to  electricity.  But  the  strictly  scientific  definition 
of  unit  difference  of  potential  whichwe  have  given  for  electricity 
may  be  very  easily  adapted  to  gravity,  and  we  may  define  our 
unit  difference  of  gravitation  potential  or  level  to  be  that  differ- 
ence where  unit  of  work  (the  foot-pound  if  we  adopt  the  Britaah 
system)  will  he  spent  in  raising  unit  of  mass  (the  pound)  ' 
the  one  level  to  the  other  against  the  force  of  gravity,  this  foi 
being  assumed  t«  be  practically  constant. 

0.  It  ia  usual  to  denote  potential  by  V  (the  first  le 
Volta's  name),  let  us  therefore  denote  by  Vj,  Vj  the  potent 
due  to  an  electric  system  at  two  points  Pj,  P^,  very  near  ei 
other.  The  work  done  by  the  test  unit  in  going  from  the  c 
point  to  the  other  will  be  V^  —  V^  But  if /denote  the  force,  1 
work  done  will  likewise  be/xP^Py  Hence  V^ -Vj=/x  P,ft 
and  hence 

P|Ps      ■'' 

Here  the  left-hand  term  is  evidently  the  rate  of  c 
the  potential  in  the  direction  P]P^  and  hence  the  ratt  of  tA 
of  the  potential  in  any  dirttHon  repreteiUs  the  resullant  fort 
that  direction.  It  foUowa  from  this  that  there  is  no  resulta; 
force  along  an  equipotential  surface,  since  here  the  i 
change  of  the  potential  is  Kcro  ;  and  also  that  this  force  is  greata 
in  a  direction  perpendicular  to  such  a  surface.  We 
therefore   imagine  an   electric   ayatem  to   be   surrotmded  l 
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Beriea  of  surfacea  of  this  nature,  and  also  by  a,  series  of  lines 
going  pcrpendicnlar  to  these  surfaceei.  Such  surfaces  would  be 
equipatential  Btirfacea,  and  Buch  lines  lines  of  force,  and  just  as 
surface  of  the  ocean  is  in  the  case  of  gravity  an  eqiiipotential 
surface,  so  the  direction  of  thn  plumb-line  is  that  of  a  line  of 

10.  It  u  desirable  that  we  should  so  systematise  our  con- 
ception of  lines  of  force  m  to  get  the  greatest  possible  amount 
of  use  out  of  it 

Let  US  therefore  suppose  that  we  haye  an  attractive  systeiii 
at  0  of  such  a  strength  that  its  force  of  attraction  or  repulsion 
upon  the  testing  unit  placed  at  a  distance  from  0  equal  to  unity, 
that  ia  to  say,  one  centimfetre,  will  be  one  dyne.     We  may  call 

,  a  MJiit  system.      Let  Fig.  1 2  represent  the  splicrical  sur- 


e  at  unit  distance  from  0.  It  ia  clear  that  this  and  similar 
spherical  surfaces  will  all  be  equipotential  surfaces,  and  that  radii 
*Ti  from  O  will  he  lines  of  force.  Now  we  might,  if  we 
chose,  draw  an  infinite  number  of  such  lines  of  force.  Let 
9  however  restrict  ourselves  to  a  given  number,  drawn  regu- 
larly outwards  from  0  in  all  directions.  It  is  clear  that  as 
these  lines  proceed  outward  they  will  become  less  closely 
packed  together.     At  unit  distance  from  the  centre  they  will 
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be  Bpread  over  a  surface  =  4ir,  at  double  the  distance  they 
be  Bpread  over  a  fourfold  eurface,  and  so  on.  We  may  say 
their  closeneBB  or  density  will  vary  inversely  as  tbe  eqni 
of  the  diatance.  But  it  is  alfio  in  thia  very  way  tliat  the  force 
varies,  and  hence  we  see  how  the  force  at  any  point  may  be 
repreaented  by  the  closenesa  or  density  of  the  lines  of  force  at 
that  point.  To  make  thia  conception  useful  let  us  imagine 
that  at  vnit  distance  from  the  centre,  when  fA«  foru  ('■  vnily, 
we  have  one  line  of  force  for  every  unit  of  area.  Thus  it 
cleat  that  the  whole  number  of  lines  of  force  drawn  from  0_ 
will  be  iw.  It  is  further  clear  that  the  number  must  be  dra' 
BO  as  to  he  proportional  to  the  whole  mass  or  amount  of  atl 
ing  matter  at  0.  If  therefore  thia  be  w,  then  vrill 
denote  the  number  of  lines  of  force  that  cross  nnit  area  at 
distance,  so  that  the  whole  number  of  such  lines  will  now  be  4inj», 
In  the  above  figure  let  AB  represent  unit  area  at  unit  distance 
(whether  the  boundary  be  circular  or  otherwise  is  of  no  eonse-' 
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quence),  then  the  solid  angle  made  at  0  hy  the  radii  drawn  to 
the  various  points  ofThia  boundary  will  be  a  unit  tolid  angle. 

In  the  above  diagram  the  lines  of  force  are  all  straight  lioea 
but  it  will  he  Been  further  on  that  in  magnetic  system 
as  in  ayatems  connected  with,  electiicity,  the  lines  of  force  a 
by  no  means  always  straight  lines. 

The  diagram  (Fig.  13)e3Lhibitji  a  convenient  way  of  graphici 
representing  the  subject     Here  O  is  the  centre  of  an  electrifleij 
sphere,  supposed  to  be  charged  with  eight  units,  and  having  ^ 
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radius  of  one  unit,  and  from  O  lines  of  force  radiate  in  all  direc- 
tions (to  eave  space  only  the  Bemi-circle  is  shown).  A  number 
of  eqnipotential  snrfaceB  are  drawn  around  it,  so  as  to  exprem 
unit  difference  of  potential  or  unit  of  work  performed  hy  the 
test  unit  in  passing  from  a  given  BUTfa.ce  to  the  one  next  it 
Such  surfaces  will  be  clustered  closely  together  where  the  force 
is  great,  and  spread  out  where  it  ie  sniaU.  These  surfaces  will 
really  be  thoac  of  a  series  of  concentric  spheres,  formed  by  the 
revolution  of  the  semi-circleB  about  the  base  line  as  sne.  To 
find  tlie  radii  of  the  respective  spheres  we  observe  that  since 


when  iH  =  8  and  r=l  =  Oa,  then  V  =  8,  or  the  inner  sphere 
ia  an  equipotential  surface  of  value  6.  We  now  require  to  find 
the  radii  of  the  sui'faces  having  values  7,  6,  5,  etc.     Now 


Sand  V  =  7,  then  r 

V  =  6,     „    r 

V  =  5,     „    T 


=  0d. 


We  have  not  adhered  to  a  strict  system  in  drawing  the  lines 
of  force. 

If  the  nnit  of  work  were  the  foot-pound  and  the  system  that 
of  the  earth,  we  should  draw  round  the  earth  at  that  distance 
from  the  centre  where  we  esist,  a  aeriefi  of  surfaces,  the  vertical 
distance  between  any  two  of  these  being  one  foot  At  the  dis- 
tance of  the  moon,  however,  where  the  force  of  terrestrial  gravity 
ia  only  j^Vo  of  what  it  is  here,  the  distance  between  two  auch 
BiU'faces  would  be  3600  feet,  or  the  best  part  of  one  mile,  and 


f 
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11.  From  what  has  now  been  said  it  will  not  be  difficult  to 
finil  the  electrical  force  acting  on  a  positive  unit  of  electricity 
placed  just  outside  an  electrified  conductor  at  a  point  whose 

:trical  density  is  p.     The  argument  of  §  4  may  be  adapted  to 

this  question,  even  although  the  conductor  may  not  be  a  sphere, 

may  infer  that  the  force   will  change  when  the  unit 
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passes  through  the  surface  by  a.  quantity  equal  to  4ffp.     But  it 
ia  well  known  from  the  experiment  desciibeii  in  the  fii'st  port 
of  thia  volume  that  the  force   within  Buch  a  conductor 
Hence  the  force  juat  outride  will  be  4irp. 

In  like  manner  it  is  very  way  to  find  the  potential  &t 
point  either  within  or  without  a  conducting  sphere  elecl 
with  a  given  quantity  of  electricity.  For  let  r  denote  the  radiuB 
ot  the  sphere,  and  Q  the  quaJitity  of  electricity.  Since  there  ii 
no  force  inside  it  follows  that  the  surface  and  all  the  points  within 
the  sphere,  including  the  centre,  have  the  eame  poteutiaL  Let  as 
therefore  consider  the  central  point,  which  is  at  the  constant  dis- 
tance r  from  all  parts  of  the  electi'itied  surface.  Its  potential  ia 
therefore  °  which  is  therefore  likewise  lhe  potential  of  any  point 
on  the  BUriace  or  within  the  sphere. 

With  regard  to  points  without  the  sphere  we  may  obviously 
regard  the  electricity  as  acting  at  the  centre,  and  hence,  if  the 
distance  from  the  centre  be  d,  the  potential  will  be  ^■ 

Again,  if  we  parry  a  quantity  of  electricity  =  Q  from  one  elec- 
trical level  or  potential  Vj  to  another  V^,  the  work  done  will  be 
equal  to  {Vj- VjjQ.  Now  in  a  Leyden  jar,  if  we  double  the 
quantity  of  electricity  which  we  put  into  it,  we  double  at  the 
same  time  the  difference  of  potential  or  level  between  the  inside 
and  the  outside  (the  oataide  being  always  at  the  level  of  the 
earth),  and  thus  the  energy  of  the  discharge  (represented  by  the 
heat  produced)  will  be  four  times  as  great  in  the  second  case  aa 
it  is  in  the  first. 

12.  In  dynamical  electricity  the  unit  magnetic:  pole  replaces 
the  test  nnit  of  the  previons  articles.  This  is  that  jmle  of  a 
magaet  which  points  to  the  north,  and  it  is  regarded  excluaively 
and  without  reference  to  that  other  pole  of  the  same  magnet 
which  poinlfl  to  the  south,  and  which  we  may  if  we  choose 
imagine  to  be  at  an  infinite  distance  from  us,  thus  producing  no 
influence.  Bearing  this  in  mind,  a  unit  magjietic  pale  %>  a  pole 
which  exerts  tmit  firee  {oik  dyite)  on  another  limilar  pole  placed  at 
unit  disla/ace  from  it. 

It  will  thus  be  seen  that  a  unit  pole  may  be  regarded  in  the 
same  light  as  unit  mass  or  unit  quantity  of  electricity,  and  may 
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be  looked  upon  as  possessing  iw  lines  of  force.     Hence  if  the 

intensity  of  the  pole  be  m  the  number  of  lines  of  force  will 

be  4m™..      In  reality,  however,  we   never  have  a  north   pole 

withont  a  EOUth  pole,  and  in  some  respects  instead  of  imagining 

an  infinitely  long  magnet,  it  is  desirable  to  coneider  the  action 

extremely  small  one  where  the  poles  are  very  near  to- 

r  instead  of  being  very  far  apart.     Now,  let  us  suppose 

I  sncli  an  exceedingly  small  m^net  to  be  carried  from  the  north 

]  to  the  soutli  pole  of  a  large  bar  magnet  in  Biich  a.  way  that  itii 

I   axis  shall  always  lie  along  the  direction  in  which  it  is  carried, 

this  case  it  will  deaeribe  in  its  path  a  line  of  force  which  will 

a  curred  liae.     The  lines  of  force  of  a  bar  magnet  the  student 

has  already  obtained  eiperimentajly  in  Chap.  II.     They  con- 

I  BiBt  of  loops  stretching  from  pole  to  pole.     If  therefore  we  were 

!  to  imc^ne  a  gigantic  bar  magnet  and  a  maji  to  set  forth  from 

i  pole  of  it  on  a  dark  n%ht  with  an  iUnminated  compass 

'    needle  in  his  hand,  always  walking  in  the  direction  in  which  the 

needle  pointed,  he  wonld  ultimately  be  led  to  the  other  pole. 

It  will  be  noticed  that  the  lines  of  force  are  much  concentrated 

about  the  poles,  and  it  is  there  that  the  resultant  force  in  the 

strongest. 

13.  While,  however,  exceedingly  small  magnets,  such  as  iron 
filings,  are  useful  to  enable  us  to  perceive  graphically  the  lines 
of  force  of  a  large  magnet,  for  scientific  purposes  we  must  keep 
unit  pole,  and   it  will 
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likewise  be  necessary  that  the 
student  should  conceive  the  idea 
of  a  magnetic  shell,  which  is 
supposed  to  act  on  this  unit  i 
pole.  Suppose  that  we  have  ' 
an  infinite  number  of  thin  short 
magnets  of  equal  strength,  and 
that  we  insert  them  perpen- 
dicularly into  a  circular  space 
in  the  plane  of  this  paper  in 
such  a  manner  that  (1.)  they  shall  be  regularly  distributed 
throughout  the  area,  and  that  (2.)  the  centres  shall  all  be  in 
the  plane  of  the  paper,  the  N.  poles  all  above  and  the  8.  poles 
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all   below.      This  arrangement  is  a  simple  magnetic  shell  (see 
p.  333  of  this  volume). 

Again,  we  may  imagine  a  great  number  of  such  shells  to  be 
placed,  the  one  behind  the  other,  so  as  to  form  a  pile,  all  the  N. 
poles  of  the  one  coinciding  in  position  with  all  the  S.  poles  of  the 
next,  and  so  on.  It  is  clear  that  the  internal  shells  will  not 
exert  any  influence  on  our  pole,  inasmuch  as  the  N.  poles  are 
all  cancelled  by  the  S.  poles.  The  influence  of  the  system  will 
thus  depend  on  the  bounding  external  magnets. 

14.  Let  us  now  endeavour  to  find  the  potential  of  a  small 
circular  thin  magnetic  shell,  of  thickness  AB  (supposed  exceed- 
ingly small),  upon  a  unit  pole  placed  at  O,  and  let  us  first  (Fig. 
15)  suppose  that  0  is  a  point  in  continuation  of  the  normal 
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Fig.  15. 

BA.  Let  the  small  circular  surface  of  the  shell  be  a-,  and  let 
±  /o  be  the  strength  of  the  pole  of  the  shell  for  unity  of  surface  ; 
the  strength  for  the  whole  surface  will  thus  be  ±  par. 

Hence  the  positive  potential  of  the  surface  at  A  on  the  unit 

pole  at  O  will  be  -J^,  while  the  negative  potential  of  the  other 
side  of  the  shell  will  be  |^.  Hence  the  whole  potential  will  be 
/xr{^-^}-=/ocr|  q^Tq^J-.     If  AB  be  small  this  will  become 
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pf^i  nearly.     Now  p'BA  is  the  magnetic  moment  of  the  ahell 
for  unit  of  surfeca,  while  —^  represents  (§10)  the  solid  angle 
subtended  at  the  point  0  by  lines  drawn  from  the  circumference 
of  the  ahelL     We  may  therefore  asaert  that  in  this  case  the 
potential  is  represented  by  the  moment  of  the  shell  per  unit  of 
area   multiplied  by  the   solid  angle   at  0  embraced   by  the 
L     boundary  of  the  shell,  or  in  other  words,  is  proportional  to  the 
■     apparent  size  of  the  shell  as  viewed  by  the  eye  at  0. 
P  If,  however  (Fig.  16),  0  be  not  a  point  in  prolongation  of 

the  normal,  then  the  potential  will  be  reduced  to  pa-  ^^  Bn 
being  the  difference  between  AO  and  BO.  That  is  to  say,  the 
potential  will  be  reduced  in  the  proportion  of  AB  to  Bn.  But 
a  little  consideration  will  show  that  the  solid  angle  at  O  is 
reduced  exactly  in  the  same  proportion.  It  follows  therefore 
that  in  this  case  likewise  we  may  nsaert  that  the  potential  is 
represented  by  the  magnetic  moment  of  unit  of  area  of  the  shell 
multiplied  by  the  solid  angle,  so  that  we  may  sum  up  for  all 
the  various  elements  of  the  shell,  and  assert  that  the  whoU 
potential  of  the  iheU  on  tht  unit  polt  at  0  is  eqval  to  the  magnetic 
moment  of  unit  of  area  of  the  ihell  multiplied  by  the  whole  solid 
angle  at  0  embraced  by  the  houndary  of  ihe  liiell.  The  potential 
will  therefore  be  pAB  x  Eolid  angle. 

15.  Suppose  now  the  unit  pole  to  be  placed  at  a  point  in 
the  plane  of  the  paper  beyond  the  rim  of  the  shell.  Here  the 
solid  angle,  and  hence  the  potential,  will  be  tevo.  Now  let  the 
unit  pole  be  carried  above  the  plane  of  the  paper  and  towards 
the  shell.  In  the  course  of  this  cajriage  the  solid  angle  and 
hence  the  potential  will  increase,  and  the  potential  being  positive, 
there  will  be  a  force  resisting  the  carriage  of  the  jiole.  Imagine 
that  this  goe«  on  until  the  unit  pole  reaches  the  shell  ami  is  made 
to  go  through  it,  and  that  on  the  other  side  of  the  paper  it 
performs  below  a  journey  precisely  similar  to  that  which  it 
performed  above,  returning  back  to  the  point  from  which  it 
started.  It  is  dear  that  as  soon  as  it  has  crossed  the  shell  the 
■igu  of  the  potential  and  the  direction  of  the  force  is  reversed,  so 
that  it  will  now  perform  the  second  portion  of  its  journey  against 
an  attractive  forcu.     It  will  thus  in  tact  be  resisted  all  through 
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the  journey,  and  energy  will  have  to  be  spent  upon  it  all  the 
way.  We  have  thus  a  state  of  things  very  different  from  what 
we  considered  in  the  beginning  of  this  Appendix,  for  since  work 
has  been  done  upon  the  pole  in  carrying  it  back  to  the  point 
from  which  it  started,  we  cannot  say  that  the  potential  is  the 
same.  In  this  case  the  potential  of  the  point  is  said  to  have 
discontinumu  values  at  the  surface  of  the  shelL 

If,  however,  in  its  journey  the  pole  does  not  pass  through 
the  attracting  system,  but  goes  round  it,  returning  back  to  t^e 
point  from  which  it  started,  on  the  whole  no  work  will  either  be 
done  by  or  upon  the  pole,  and  the  potential  of  the  point  has 
thus  only  one  value.  It  is  in  fact  now  similar  to  the  case  that 
we  considered  in  statical  electricity. 

It  is  clear  that  when  the  unit  pole,  travelling  towards  the 
shell,  arrives  at  A  the  solid  angle  will  be  180**  all  round,  and 
in  accordance  with  the  method  of  estimating  such  angles  ^10) 
its  value  will  be  2ir.  If,  therefore,  the  moment  of  the  magnetic 
shell  for  unit  of  area  be  unity  its  potential  will  be  +  2fl'  when 
the  unit  pole  touches  it  on  one  side,  and  when  it  passes  througli 
to  the  other  side  this  will  become  —  2ir. 

Now,  if  instead  of  a  unit  N.  pole  we  were  to  carry  a  unit  S. 
pole  through  the  shell  in  the  same  way,  we  should  have  work 
done  hy  the  pole  instead  of  upon  it  throughout  the  journey.  Is 
there  therefore  in  the  one  case  a  destruction  and  in  the  other  a 
creation  of  energy  ?  By  no  means.  The  reader  must  bear  in 
mind  that  a  unit  N.  pole  apart  from  a  corresponding  S.  pole  is 
not  a  reality,  and  that  what  we  should  do  in  fact  would  be  to 
carry  a  magnet  through  the  shell,  in  which  case  the  work  done 
upon  the  one  pole  would  be  counterbalanced  by  the  work  done 
by  the  other.  There  would  therefore  be  no  creation  or  destruc- 
tion of  energy.  In  fine,  when  a  magnet  is  passed  through  the 
shell  from  a  point  without  and  goes  back  again  to  the  point,  as 
we  have  supposed,  without  again  passing  through  the  shell,  there 
is  work  done  by  the  one  pole  and  as  much  done  upon  the  other. 
If,  however,  on  its  journey  the  magnet  does  not  -pasa  through 
the  shell  at  aU,  there  is  on  the  whole  no  work  done  by  or  against 
either  pole. 

16.  Instead  of  finding  the  potential  of  the  shell  upon  the 
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H    magnet,  we  ma;  wish  to  know  the  equal  and  opposite  potential 

^m    of  the  magnet  upon  the  theU  (see  §  S4  of  this  Appendix).     Here 

^1    it  will  be  seen  that  the  aolid  angle  made  at  O  h;  the  houndoiy 

H     of  the  shell  represents  and  is  equal  to  the  number  of  lines  of 

H    force  of  the  magnet  which  are  enclosed  by  the  shell,  and  as  the 

H     number  of  such  lines  will  likewise  vary  with  the  strength  of  the 

pale  at  0,  we  may  finally  assert  that  the  potential  of  the  Tnagnet 

at  0  vipon  the  dull  laiU  be  equal  to  the  magnetic  moment  of  unit  of 

area  of  the  Aell  midtiplied  by  the  m/iole  number  of  lints  of  force 

interested  by  the  shell. 

17.  Let  us  now  consider  the  lines  of  force  of  a  current,  and 
let  ne  imagine  that  we  have  near  us  an  indefinitely  long  vertical 
wire  conveying  a  current,  the  other  parts  of  the  circuit  (which 
must  be  a  closed  one)  being  infinitely  remote.  Magnets  will 
tend  to  set  themselves  at  right  angles  to  such  a  current,  so  that 
the  lines  of  force  will  be  horizontal  circles,  and  the  equipotential 
surfaces  planes  j>assing  through  the  current 

18,  Kent,  with  regard  to  a  closed  current,  which,  for  the 
"sake  of  simplicity,  we  may  suppose  to  be  circular,  it  is  clear 

from  p.  333  of  this  volume  that  such  a  current  ia  fully  repre- 
sented by  a  simple  magnetic  shell  filling  up  the  area  of  the 
circle,  and  having  a  moment  per  unit  of  area  proportional  to  the 
strength  of  the  current.  A  little  consideratian  will  show  that 
this  statement  affords  us  at  once  a  method  of  defining  current 
etrength.  It  would  be  convenient  to  regard  that  current  »lre)ig(h 
as  v/nity  where  the  reprexentative  magnetic  ehell  hat  liJcemite  a 
moment  per  unit  of  area  equal  to  unity.  But  how  will  this  defi- 
nition agree  with  that  which  we  have  virtually  accepted  in  the 
text  (Art  118)1  The  definition  adopted  in  the  text  is  as  follows: 
—  Unit  eurrtni  it  one  vMck,  in  a  vrire  of  unit  length  bent  k  a» 
to  form  an  are  of  a  cxrde  of  unii  radius,  would,  art  wpmi  a  wnit 
prie  al  thr,  centre  of  the  circle  willi  unit  force.  Suppose,  for  in- 
Btance,  that  we  have  a  current  whose  strength  is  unity  Howing 
in  a  circle  of  unit  radius.  It  will  be  seen  from  Art.  1 18  that 
its  force  upon  a  unit  pole  at  the  centre  will  be  2ir.  Now 
this  will  at  the  same  time  denote  the  force  of  a  circular  mag- 
netic shell  of  unit  radius,  whose  tiiognetic  moment  per  unit 
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of  area  is  unity.     It  thus  appears  that  the  two  definitioiis  agree 
together  perfectly. 

19.  Most  of  the  results  contained  in  this  volume  contem- 
plate a  steady  current,  the  energy  of  which  is  spent  upon  the 
cii'cuit — generally  taking  the  shape  of  heat.  We  must,  however, 
remember  that  the  current  has  a  field  as  well  as  a  circuit,  and 
that  the  first  effect  of  making  contact  is  to  establish  the  curre^it 
and  its  field.  Then  we  have  the  period  of  steady  current  and 
steady  field;  and  finally,  when  contact  is  broken,  we  have  the 
withdrawal  of  the  current  and  its  fiM,  Now  when  we  make  the 
current  to  do  work  in  its  field,  since  there  can  be  no  creation  of 
energy,  this  will  be  done  at  the  expense  of  the  current  strength 
in  the  circuit.  This  lessening  of  the  current  in  the  circuit,  or 
opposing  current,  is  in  reality  what  is  known  as  an  induced 
current. 

20.  In  order  to  render  our  conception  definite,  let  us  imagine 
that  we  have  a  circular  current  of  strength  i,  also  let  R  denote 
the  resistance  of  the  circuit.  Furthermore,  let  there  be  a  unit 
pole  in  the  field  of  this  circuit,  so  placed  as  to  be  attracted  by 
the  current.  Suppose  also  that  this  pole  is  being  moved  with 
a  uniform  velocity  towards  the  current  during  the  very  small 
time  T  for  which  we  are  regarding  the  current.  Work  will 
evidently  be  done  hy  the  pole.  Let  N  denote  the  number 
of  lines  of  force  of  the  pole  which  pass  through  the  circuit  at 
the  beginning  of  this  motion,  and  let  N'  denote  the  same  at  the 
end,  then  the  work  done  will  be  by  §  16  (since  a  current  may 
be  treated  as  a  magnetic  shell)  =  (N'  -  N)i.  For  the  sake  of 
simplicity  let  us  imagine  that  our  circuit  is  1000  miles  long, 
and  that  the  battery  is  at  one  end,  while  the  inductive  action 
takes  place  at  the  other.  Now  clearly  the  amount  of  zinc  burnt 
in  the  battery  will  always  be  proportional  to  the  current  ♦, 
whether  or  not  there  he  induction  at  the  other  end  of  the  circuit. 
The  energy  which  is  caused  by  the  burning  of  the  zinc  will 
therefore  be  proportional  to  i,  and  this  energy  will  be  represented 
by  Eir,  where  E  denotes  the  normal  electromotive  force  of  the 
battery  when  there  is  no  induction.  But  while  we  assert  that 
the  whole  energy  is  Eir,  we  do  not  assert  that  E  represents  the 
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eleclromotive  force  vihen  indudiofi  is  takijig  place.  There  viill,  on 
the  contrary,  be  a  back  current  and  a  back  electromotive  force. 
Thus  (p.  2G3)  during  the  time  t  the  whole  enei^  of  the  battery 
^8  EiT.  Also  the  amoiuit  of  energy  expeDded  in.  heat  in  the  circuit 
IB  Ei^.  Now  during  this  movement  the  hatteiy  has  Tjoth  to 
heat  the  circuit  and  to  do  work  in  the  field.      Hence 

Eir  =  RiV  +  (N'-N)i, 

Et  =  K/t  +  (N'-N). 

Let  t(|  denote  the  fiteady  current  in  the  circuit  when  no  work  is 

being  done  in  the  field,  then,  by  Ohm's  law,  E  =  Rt^.     Hence 

R;>=R(Vh-(N'-N). 
Hence  aleo 

R{i-,„)T=-{N'-N), 


.     ._     N'-N 


y -N 

R     ' 


R" 


Now  t  — ig  is  the  strength  of  the  induced  current,  and  thin 
will  he  seen  that  this  iiubiced  current  is  Tepresentrd  in  atrmgth 
by  the  number  of  linu  of  force  added  in  unit  of  time  divided  by  the 
reaiilance  of  the  circuit. 

SL  Let  ua  see  what  will  happen  if  there  be  no  current  in 
the  circuit  towards  which  the  magnetic  motion  ia  made.  This 
means  that  Iq^O,  and  we  might  expect  from  the  ftbove  exprea- 
sion  that  we  shall  still  have  an  induced  current  It  will,  how- 
ever, be  in  the  opposite  direction  to  that  of  the  current  which 
produces  attraction  of  the  pole,  and  hence  it  will  repel  the  pole. 

I  In  other  words,  we  shall  have  to  Jo  work  in  bringing  the  mag- 
netic pole  towards  the  circuit,  and  the  mechanical  equivalent  of 
this  work  will  take  the  form  of  an  induced  current  produced  in 
the  circuit  by  the  motion  of  the  ini^et. 


22.  In  diBcussii^  this  question  we  have  taken  a  unit  pole 
e  of  our  two  systeius,  but  a  little  coneideratton  will  show 
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that  the  results  may  be  eiteitded  to  the  lines  of  force  proceed- 
lag  from  an;  two  Bystema.  For  let  ue  conaider  two  eyBtems, 
A  and  B,  and  take  the  lines  of  force  from  the  first  Ryetem  A 
(whose  potential  upon  the  second  Bystem  B  we  wieh,  let  ua 
Bay,  to  find),  limiting  ourselves  to  those  lines  which  proceed 
a  very  small  area  of  the  magnetic  shell  whiuh  representa  the 
second  system.  Let  these  lines  of  force,  which  we  may  regard 
as  parallel  to  each  other,  be  eq^ual  to  n,  and  let  the  magni  ' 
moment  for  unity  of  area  of  the  second  system  be  pAB, 
in  g  14.  It  is  clear  that  pAB  x  n  will  denote  the  potent 
produced  by  the  first  system  on  this  element  of  the  seccm^^ 
and  tliat  it  is  a  matter  of  no  consequence  whether  these  lines 
of  force  proceed  from  a  single  pole  or  from  a  complicated 
system.  They  are  parallel  to  each  other,  and  are  in  number 
equal  to  n,  and  this  determines  their  effect  upon  this  element 
Hence  the  whole  effect  of  the  first  system  on  tlie  second  will 
bepABx{ni  +  >t2  +  etc.}=/3ABxN.  But  pAB  is  the  intensity 
of  the  current  in  the  second  system.  Hence  the  potential  oT  the 
first  system  upon  the  second  is  represented  by  the  number  " 
lines  fi:om  the  ilrst  system  which  the  second  intercepta,  moll 
plied  by  the  intensity  of  the  current  in  the  second  eyetem. 

33.    Let  us  now   suppose    that,  as  in  Fig.    16,  we  have 
a  rectangular  system  consisting  of  thick  metallic  rails,  of  which 
the  resistance  may  be  neglected.      Let  this  system  be  open 
lit  one  end,  but  capable  of  being  completed  by  a  rail  AB  (  ' 
resistance  =  E),  which  may  slide  i»erpcndicularly  between  1 
I'ails.     Suppose  the  s^ 
be  horizontal,  so  that  the  li 
of  force   due  to  the  verticii 
component  of  the  earth's  mag- 
netism will  pass  through    it 
perpendicular  to  the  pl^c  of 
the  {taper.     Call  the  intensitj    ' 
of  the  force  V.     Now  let  AJ^J 
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be  made  to  move  to  the  right  with  a  uniform  velocity  BE'  =a^l 


1  that  at  the  end  of  unit  of  time  it  will  be  found 


the  position  A 
denoted  by  d. 


occdj^jl 


Also  let  the  distance  AB  between  the  bats 
It  is  thus  clear  that  the  number  of  vertical 
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^M      of  force  that  will  be  added  to  the  citcuit  in  unit  of  time  will 
^B      be  those  comprised  in  the  space  AfiB'A'  =  Vdv,  and  hence  hj 
H      Art.  EO  the  current  piodnced  in  the  circuit  will  he  0  =  -^- 
H  Let  US  here  pause  for  a  moment  imd  attempt  to  realise  the 

H      significani^  of  this  result.      B;  meona  of  the  definition  of  §  IS 
■        we  can  at  once  measure  current  strength. 

Suppose  now  that  we  proceed  with  our  definitions,  and  define 
our  units  of  electromotive  force  and  of  resistance  as  follows  : — 

tJnit  eleotromotive  force  is  (Aot  which  must  be  main- 
lamed  Utiveen  tlie  ends  of  a  amdnctw  in  order  tliat  unit  current 
may  do  unit  work  in  a  geamd.     Again 

Unit  resiatanoe  is  thai  of  a  conducioT  in  mhidi  imit  cur- 
reiit  is  prodtieed  hy  lenit  eUdTomoiive  force  betwe&i  xti  ewis. 

Now  in  Ohm's  law  there  ore  three  things-^current,  electro- 
motive force,  aud  resistance,  and  when  any  two  of  these  are 
known  we  can  find  the  third.  We  know  how  to  measure  the 
currant,  but  we  require  also  to  know  how  to  measure  the  electro- 
motive force  or  the  resistance — one  of  the  two.  The  above  de- 
finitions show  us  that  in  order  to  do  this  we  should  require  to 
know  the  work  done  by  the  current  la  one  second.  Now  this 
work  takes  the  shape  of  heat,  bo  that  in  order  to  estimate  it 
einctly  we  should  not  only  raquire  an  accurate  calorimctric 
method,  but  an  exact  knowledge  of  the  mechanical  equivalent  of 
heat.  The  result  which  we  obtained  above  will,  however,  enable 
us  to  meastu*  either  the  E.  M.  F.  or  the  resistance  without  the 
necessity  of  employing  calorimetric  methods.  For  we  have 
C  =  ^  Hence  CR  =  Viw  -  E  (by  Ohm's  law).  Now  V,  rf,  v, 
and  C  can  Ije  easily  measured,  and  hence  both  E  and  E  become 
known.  We  may  therefore  adopt  the  following  definition  : — 
Unit  eleotromotive  force  i»  Oint  vMch  it  created  m  a  cwi- 
diictor  moving  Ihrovgh  a  magnetic  fUid  at  tadi  a  rate  at  to  eai  one 

IunU  line  per  leixiid. 
In  practice,  however,  the  method  of  the  Gliding  rail,  which 
is  exceedingly  useful  to  give  us  a.  simple  conception  of  the  prob- 
lem, is  not  the  one  adopted,  but  we  use  instead  a  revolving  coil, 
such  as  that  described  in  the  test. 


34.   Hitherto  we  have  for  the  most  part  itgui-ded  the  subject 
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of  potential  by  the  aid  of  a  tMt  unit,  repreaenting  the  potential 
of  a  system  at  a  point  P  by  tbe  work  done  by  or  iipoa  the  unit 
as  it  h  cBrried  froni  P  to  an  infinite  distance  from  the  system. 
But  in  §  22  we  extended  our  view  bo  as  to  embrace  the  whole 
potential  of  one  ayatem  upon,  another.  Continuing  this  method 
of  treatment,  let  there  be  two  Byslems  A  and  B,  then  we  may 
define  the  potential  of  A  upon  B  to  he  the  work  done,  let  ua 
n&y,  !nr  B  B£  it  IB  carried  from  its  present  position  to  an  infinite 
distance  from  A ;  and  we  may  define  the  potential  of  B  upon 
A  in  eimilar  terms.  It  is  easy  to  see  that  the  potential  of  A 
upon  B  is  equal  to  that  of  B  upon  A,  for  we  may  represent 
any  current  system  A  by  a  magnetic  shell  which  may  be  su])- 
posed  to  consist  of  a  series  of  centres  at  which  quantities  of 
attracting  and  repelling  matter,  m^,  m^  mg,  etc.  are  placed ; 
and  we  may  in  like  manner  represent  a  current  system  B  by 
centres  at  which  quantities  of  eimilar  matter,  n^,  Wj,  n^,  etc. 
are  placed.  Now  any  smaD  component  of  the  potential  exerted 
by  A  on  B  will  be  repreaentfid  by  ■^'^'i  and  this  will  also  denote 
tbe  small  corresponding  component  of  the  potential  exercised 
by  B  on  A.  Hence  the  whflle  potential  of  A  on  B  ia  equal  to 
the  whole  potential  of  B  on  A. 

Again,  it  will  he  seen  from  g  22  that  if  we  have  a  current  of 
intensity  i^  in  the  circuit  A,  the  potential  of  the  system  B  upon 
it  will  be  represented  by  ij  multiplied  by  the  number  of  lines 
of  force  of  B  intercepted  by  A  ;  and  if  we  have  a  current  ij  in 
B  the  potential  of  the  system  A  upon  it  will  in  like  manner  be 
represented  by  i^  multiplied  by  the  number  of  lines  of  force  of 
A  intercepted  by  B.  If  we  hear  in  mind  that  the  number  of 
lines  of  force  which  proceed  from  a  circuit  is  proportional  to 
the  intensity  of  the  current  in  that  circnit,  it  will  be  seen  that 
the  mutual  potential  between  A  and  B  is  represented  by  a 
quantity  which  is  proportional  to  the  product  i\  X  %  and  that 
the  result  will  be  the  same  whether  the  current  i,  be  ii  ~ 


2G.  Now  let  the  current  in  B  be  unity,  and  let  there 
current  in  A,  and  suppose   that  in  a  very  small  time  t 
BjBtem  B  is  carried  to  an  infinite  distance  from  A. 


in  A,  which   may  be  repre- 


Reaistance  of  A 

inasmuch  aa  theae  Ijnea  of  force  have  been  withdrawn  in  the 
time  T.  Furthermore,  the  same  result  will  follow  if  the  cir- 
cuit at  B  is  simply  broken,  the  operation,  of  diaeatabliehing  the 
cuTtent  lasting  for  a  Bmall  time  r. 

It  follows  &om  what  we  have  said  that  if  there  be  unit  cur- 
iut  in  A  and  none  in  B,  and  if  the  current  in  A  be  broken,  we 
shall  have  precisely  the  above  imuiber  of  lines  ot  force  withdrawn 
from  B.  Let  ua  <xi\  the  total  induced  current  M  when  the 
resistance  is  unity,  Hien  M  i»  tailed  the  co^dent  ajmuliial  induc- 
tion bdween  A  and  B,  so  that  if  i  denote  the  primary  current  in 
A  while  there  is  none  in  B,  and  if  the  current  in  A  be  broken, 
s  total  induced  cnrrent  in  B  will  be  BMiatanea  of"B'  ^"'^  '^  ' 
denote  the  primary  current  in  B  while  there  is  none  in  A,  the 
total  induced  current  in  A  will  lie  _--;   ■' s-j. 


I 


VARIOUS  SYSTEMS  OF  ELECTRICAL  UNITS. 
(a)  EUdrottalic  UniU  (C.  G.  8.) 

(1.)  The  unit  quantity  of  electricity  is  that  which  exerts  the 
unit  of  force  (one  dyne)  on  a  quantity  equal  to  itaelf,  at  a  dis- 
tance of  one  centimetre  across  air. 

(2.)  The  unit  differenee  of  potential  exists  between  two  points 
when  unit  of  work  {one  erg)  is  spent  by  unit  of  electricity  in 
moving  fram  the  one  to  the  other  against  electric  repulsion. 

(3.)  When  there  is  a  distribution  equivalent  to  unit  quantity 
of  electricity  jier  square  centimetre  on  any  small  portion  of  a 
charged  conductor,  then  vnit  deiuity  of  electricity  exists  at  that 
place.  In  moat  cases  the  density  changes  continuously  from 
one  portion  of  a.  charged  conductor  tt)  another. 
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(4.)  The  capacity  of  a  conductor  is  the  quantity  of  electricity 
necessary  to  give  it  unit  difference  of  potential. 

(6.)  The  coeflScient  by  which  the  capacity  of  an  air  condenser 
must  be  multiplied  in  order  to  give  the  capacity  when  cmother 
dielectric  is  used,  is  called  the  specific  inductive  capacity  of  that 
dielectric. 

(fi)  Electro-Magnetic  Units  (C.  G.  S.) 

(1.)  A  unit  magnetic  pole  is  that  which  repels  a  similar  pole 
at  unit  distance  (one  centimetre)  with  unit  force  (one  dyne). 

(2.)  A  unit  current  is  one  which,  in  a  wire  of  unit  length  bent 
so  as  to  form  an  arc  of  a  circle  of  unit  radius,  would  act  upon  a 
unit  pole  placed  at  the  centre  of  the  circle  with  imit  force. 

(3.)  Unit  quantity  of  electricity  is  the  quantity  which  a  unit 
of  current  conveys  in  unit  of  time. 

(4.)  Unit  electromotive  force  is  that  which  must  be  maintained 
between  the  ends  of  a  conductor  in  order  that  unit  current  may 
do  unit  work  in  a  second. 

(5.)  Unit  resistance  is  that  of  a  conductor  in  which  unit 
current  is  produced  by  unit  electromotive  force  between  its 
ends. 

(6.)  Unit  capacity  is  that  of  a  condenser  which  will  be  at  unit 
difference  of  potential  when  charged  with  unit  quantity. 

(y)  Practical  System  of  Units, 

(1.)  The  coulomb  or  practical  unit  of  quantity  =  10-^  C.  G.  S. 
units. 

(2.)  The  voU  or  practical  unit  of  electromotive  force  =  1 0^  C.  G.  S. 
imits. 

(3.)  The  ohm  or  practical  unit  of  resistance  =  10®  C.  G.  S. 
units. 

(4.)  The  farad  or  practical  unit  of  capacity  =  10-*  C.  G.  S. 
units.  The  microfarad^  or  one  millionth  of  a  farad,  is  fre- 
quently used. 

(5.)  The  amphe  or  practical  unit  of  current  is  that  which 
passes  one  coulomb  per  second.  The  ampere  is  equal  to  the 
current  of  electricity  transmitted  through  one  ohm  by  one  volt. 


DETERMINATION  OF  E,  M.  P. 

1.  This  appendii  wiU  be  devoted  to  a  description  (1.)  of 
some  atandarJa  of  electromotive  force,  and  (2.)  of  some  special 
methods  of  corapariiig  electromotive  forces. 

2.  Ttie  difficulty  of  producing  a  constant  standard  of 
E.  M.  P.  is  BO  great  that  no  official  standard  has  as  yet  been 
issued.  The  best  substitutes  are  certain  forms  of  Daniell's  cell 
and  the  mercury  cell  of  Latimer  Ckric. 

3.  StaTidard  Forms  of  DanidCs  Ce«.  —  Daniell'a  cells  aie 
fairly  constant  as  long  as  copper  from  the  copper  sulphate  is 
prevented  from  being  deposited  on  the  zini.  The  variona  forma 
of  standard  ceila  exhibit  different  ways  of  retarding  this  deposit. 
The  chief  forma  are  ; — 

(1.)  TKe  Post  Offict  Form.— A.  box  is  made  with  Uiree  com- 
partments, each  of  wliich  contains  a.  glass  battery  jar.  The 
middle  cell  is  called  the  teariing  cell,  the  lateral  cella  are  the 
idle  ulU.  The  working  cell  cootaina  a.  aemi-saturated  solution 
of  zinc  sulphate,  and  at  its  bottom  there  are  scraps  of  zinc.  The 
idle  cells  contain  water  only.  When  the  cell  is  not  in  use,  in 
one  idle  cell  Uea  a  plate  of  «inc,  and  in  the  other  a  porous  pot 
containing  a  saturated  solution  of  co}iper  sulphate,  iu  wliiclt  is 
immersed  a  copper  plate.  When  the  cell  is  required  to  be  in 
action  the  zinc  and  the  porous  pot  with  its  contents  are  brought 
into  the  working  celL  After  the  test  has  been  made  the]' 
should  be  again  removed  to  the  idle  cella.  The  purpose  of  the 
zinc  scraps  is  to  decompose  any  copper  sulphate  that  may  have 
been  diffused  through  the  porous  pot.  As  long  as  the  zinc  plate 
is  kept  clean  and  the  cell  is  in  good  condition  the  E.  M.  F.  of  the 
cell  ia  assumed  to  be  about  1-07  volt.  The  cell  is  only  adapted 
for  rough  commercial  purposes.     Lord  Rayleigli  found  that  two 
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Bpecimen  cells  differed  bj  2'5  per  cent,  the  mean 
1-081  and  1-056  !n«  volt, 

(2.)  BaouWs  Cell. — This  conBiata  essentially  of  two  sepai-ate 
cells,  one  containing  the  zinc  and  zinc  sulphate,  and  the  other  the 
copper  and  copper  sulphate.  Connection  is  made  between  these 
cells  by  an  inverted  U  tube  containing  zinc  sulphate  solution. 
The  ends  of  the  U  tube  are  tied  over  with  pieces  of  bladder. 
III.  of  Fig.  17  shows  a  modified  form  of  this  type.  Here,  when 
one  cell  is  required  to  be  connected  with  the  other,  some  of  the 
zinc  sulphate  is  made  to  fill  the  connecting  limb.  This  may  be 
done  by  blowing  down  the  straight  tube. 

3.)  Sand  GelU  and  the  Celts  of  Bedz.—l.  of  Fig.  1 7  shows  one 


^^B  of  these  cells  made  from  a  U  tube.     In  the  sand  cells  a  laje^ 

^^1  of  clean  sand  is  placed  in  the  bend,  and   is  saturated  with  s' 

^^M  sulphate  solution,  which  is  also  contained  in  one  limb,  whilst  ii 

^^1  the  other  limb  is  a  solution  of  copper  sulphate.      Here  the  sand 

^^M  retards  for  a  long  time  the  diffusion    of  the  copper  sulphate. 

^^M  The  process  of  ditfusion  may  be  still  more  retarded  by  follow- 

^^M  ing  the  process  of  Beetz,  wlio  mixes  the  liquids  with  plaster  o' 

^^M  Paris  BO  as  to  form  a  paste,  which  may  be  poured  into  the  limha 

^^H  where  it  will  harden. 
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(4.)  Fleming's  Cell.^We  are  indebted  ^  to  Dr.  Flemiag  for 
making  a,  tJiorough  examination  of  the  beet  conditions  of  con- 
stancy in  a  Dajiiell'a  cell.  He  has  devised  a  fonu  of  cell  which 
we  have  found  convenient  to  modify  into  the  form  ahowa  in  IL, 
Fig.  1 7.  It  consists  of  a  U  tube  having  a'stopcock  at  the  bottom 
of  one  of  the  limbs.  The  open  ends  of  both  limbs  are  fitted 
with  perforated  india-rubber  corks.  Through  the  left-hand  one 
paBsea  a  copper  rod,  and  through  the  right-hand  one  a  rinc  rod. 
The  rods  are  made  of  the  purest  materials  procurable  ;  the  zinc 
is  a  rod  of  twice-distilled  zinc  that  has  been  amalgamated  with 
pure  mercury,  the  copper  is  formed  by  electro-deposition  on  fine 
copper  wire.  Strapped  hy  elastic  bands  to  the  two  limba  are 
two  idle  tubes,  6  and  e,  for  the  reception  of  the  rods  when  the 
cell  is  not  in  use.  The  solutions  for  chaining  the  cell  consist 
of  pure  zinc  sulphate  and  pure  copper  sulphalfi.  The  absolute 
dmisity  of  the  solutions  is  not  a  matter  of  importance  within 
certain  limits,  provided  that  both  solutions  are  of  the  Kcme 
density.  In  filling  the  cell  first  pour  a  layer  of  zinc  sulphate 
into  the  bend  of  the  U  tube  up  to  the  level  a,  and  then  pour 
simultaneously  down  the  right  and  left  limbs  the  solutions 
of  zinc  and  copper  sulphate.  There  should  be  a  well-marked 
line  of  demarcation  between  the  two  liquids  at  a.  In  order  to 
secure  this  the  cell  should  be  occasionally  tilted  to  the  right  and 
a  portion  of  the  copper  sulphate  run  off.  On  again  placing  the 
tube  vertical  the  layer  of  zinc  sulphate  will  be  above  a.  In  a 
cell  of  this  form  carefully  made  up,  the  solutions  must  not  mix 
at  the  place  of  contact,  and  the  copper  must  have  been  freshly 
electrotyped  and  must  be  free  from  spots  of  oxide.  Under 
these  circumstances  the  E.  M.  F.  is  very  nearly  I'l  true  volt 
The  cell  has  a  small  temperature  coefficient,  generally  negligible 
for  the  usual  range  of  temperature  in  a  laboratory. 

(fi.)  Lndg^t  CdL — Tliis  ia  convenient  for  many  experiments 
and  is  easily  put  together.  A  wide-mouthed  bottle  (Fig.  18)  is 
provided  with  a  cork.  Through  it  passes  the  wide  lube  T,  in 
which  is  the  rod  of  zinc.  A  small  test  tube  (  is  fastened  to  the 
end  of  T  by  an  elastic  band.     At  the  bottom  of  f  are  crystals  of 
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sulphate  of  copper.      The  copper  electrode  ia  the  bared  end  cif  s  .| 
gutta-percha  covered  wire  which  passea  through  a  hole 
cork  to  the  bottom  uf  I.     The  bottle  contaius  a  solution  of  sal-  | 
phate  of  zinc 

(3.)  Sir  William  Thommi's  Cdl.—He.ie  (Fig.  19)  n  zinc  plat«| 
is  plaued  at  the  bottom  of  the  celL  On  it  is  poured  a  BolutiDajT 
of  dense  Biilphate  of  zinc  (denfiilj-  1'2).     Above  the  line  i 


Clipper  plate.  By  using  the  funnel  F  a  solution  of  lialf-Baturata 
Bulphate  of  copper  is  carefullj'  poured  on  the  top  of  the  lowi 
dfuse  solution.     The  E.  M.  F.  is  1-07  true  volt 

4.  The  Normal  Element  of  Latimer  Clark — Since  this  e 
waa  originally  devised  it  has  been  Bubjected  by  different  eiperi- 
menters  to  a  most  rigoroua  esamination,  tn  ascertain  how  far  it 
way  be  employed  for  standard  purposea     Lord  Boyleigh,  n 
especially,  has  recently  i  not  only  worked  out  the  best  practical 
method  of  making  this  cell,  but  also  redetermined  it«  value  in  - 
absolute  measure.    Fig.  SO  sliowH  one  of  the  many  forms  that  ths  1 
cell  may  take.     Through  the  bottom  of  a  stoppered  weigMjt(f  ■ 
tube  a  piece  of  xilatinum  wire  ie  inserted  and  fused.     The  stopper  I 
ia  also  perforated,  and  platinum  wire  is  passed  through  it  a   " 
fused.      An  ebonite  tube  E,  divided  nearly  into  two  portion^  J 
mounted  on  a  wooden  block,  serves  as  a  stand  for  the  cell.     ~" 
platinum   wires  are  connected  to  the  binding  screws  fixed  to  t1 
■  See  Phil.  Tram.,  ISS4,  patt  ii. ;  «nd  188G,  part  ii 


ebonite.     Tie  bottom  of  the  cell  containB  mercury  (Hi/),  and 


I 

I 


L 


a  layer  of  paste  (Su),  made 
with  a  Holution  of  zinc  sulphate.  The 
paete  is  sufficiently  liquid  to  form  on 
atanding  a  layer  of  liquid  at  the  upper 
part,  P.  In  the  past*  ia  immersed  a  rod 
Z»  that  haa  been  soldered  to 
the  platinum  wire  passing  through  the 

The  cell  just  described  is  only  Buitable 
for  special  experimental  purposes.  Where 
a  large  number  has  to  be  mode  up  it  is 
better  to  use  simply  a  tube,  such  as  a 
small  t«3t  tube,  sealed  at  the  top  with 
The  method  of  charging  the 
cells,  with  the  several  essential  precau- 
V  he  given,  mainly  in  Lord 
Rayleigh's  own  words  : — 

(1.)  Pour  in  auffioient  mercury  to  cover 
the  platinum  wire  sealed  through  the  bottom 
of  the  tube.  The  best  mcTcuiy  for  the  pur- 
pose is  that  which  has  been  distilled  in  vacuo, 

(2.)  The  paste  should  next  be  iDtroduccd, 
care  being  taken  not  to  sail  the  sides  above 
the  proper  level.  To  prepare  the  paste  it  is 
first  necessary  to  ifiaka  a  soludou  of  zinc 
sulphate.     Mix  io  a  flask  distilled  water  witD 

0  neutralise 

mixture  to  stand,  in  order 
Filter  the  solution  in  a  n 
intended  for 


carhonatfl 
at  the  SDlution  by  gentle  heat.  Allow  the 
precipitate  any  iron  that  may  be  presoat. 
m  place  into  a  stock  bottle.  When  it  is 
:no9e  the  solution  to  a  gentle  beat  for  some  time, 
and  draw  off  the  solution  from  near  the  crystals  at  the  bailom  of  tlie 
bottle,  in  order  that  there  may  be  certainty  of  the  liquid  being  satu- 
rated. To  prepare  the  paste  rub  together  in  a  mortar  ISO  grammes 
of  pure  mrrcurouB  sulphate,*  C  grammes  of  zinc  carbonate,  and  ss  much 
of  the  saiv^rated''  liuc  sulphate  as  is  required  ta  make  a  thick  paste. 

g  the  mercoroias  sulphate  some  discretion  should  be 
curie  snlphale  or  tur^th  mineral  may  be  aubsCituted. 
IS  sulphate  should  be  tnhite. 

'  Great  oare  should  be  used  not  to  bitve  the  solution  mpemaiuratcd. 
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It  is  best  to  leare  the  paste  in  a  mortar  for  two  or  three  days,  rnbliing 
it  at  inl«rvals  witli  additiooa  of  zinc  salplmte  antil  all  cnrbouic  an- 
hydride baa  escaped.  The  paate  should  then  be  tranaferred  to  a 
well-stoppered  bottle,  whora  it  should  keop  good  tor  Beveral  months. 
Before  pourins  out  for  use  the  battle  should  be  well  shaken, 

(3. )  The  zmca  are  cut  bom  rods  sold  as  redistilled  sou:.  A  copper  1 
wire,  insnliited  with  gntta-percUa,  Ehould  bo  soldered  to  the  top  of  each  I 
sine,  after  which  the  zinc  shonld  be  cleaned  by  dipping  it  in  sulpliurie 
acid,  and  then  washed  with  distilled  water  and  dried  by  Ulterinc 
paper.  To  support  the  line  tsntrally  in  the  tube,  it  is  jiassed  tbron^E 
n  ring  of  cork  (uii^ked  to  allow  the  escape  of  air)  that  just  fits  witbia 
the  tnbe.  The  cork  is  pushed  down  until  its  lower  Burfoce  nearly 
touches  the  paste,  in  order  that  as  much  air  as  possible  may  be  ex- 
cluded. Above  the  cork  a  layer  of  marine  glne  should  be  poured  tl 
order  to  seal  the  cell. 

A  Clark  cell  prepared  according  to  the  above  rules,  when  {!,).  ' 
protected  from  large  fluctuations  of  temperature,  (2.)  n 
iu  ahortcircuit,  and  (3.)  only  ueed  witJi  eiceedingly  weak  currents, 
has  an  E.  M.  F.  espressed  by  E  =  1'435{1  -  ■O0O77(f  - 16)}, 
where  E  ia  tie  number  of  triu  volts  and  1  is  the  temperatui 
centi^Tade. 

5.  Comparison  of  Standard  Celts. — Owing  to  the  diffioultiasi.* 
introduced  by  polarisation,  standard  cells  can  only  be  accurately 
compared  under  three  conditions — either  when  (1)  they  ate  in 
open  circuit,  (2)  when  in  a  circuit  of  very  high  resistance,  or  (3) 
when  one  cdl  is  balanced  i^inst  another.  If  we  use  the  electro- 
meter or  condenser  the  cells  are  being  compared  under  the  fi 
condition,  and  the  tests  are  independent  of  the  internal  rts 
ance  of  the  cells.  Hence  we  could  compare  directly,  say,  a  Gtot»  3 
of  '2  ohm  internal  resistance  against  a  Beetz  Baniell  of  over  1000  'i 
ohms.  These  methods  have,  therefore,  an  important  ndvant^e 
over  the  ordinary  galvanometer  methods,  where  means  must  be 
adopted  to  eliminate  the  battery  resistance.  However,  by  using  a 
galvanometer  of  high  sensibility,  in  whose  circuit  a  high  resistance 
is  included,  we  may,  by  adopting  the  method  of  sum  and  Sffer- 
ence  (p.  240),  compare  cells  with  tolerable  accuracy.  The  loet 
mentioned  method,  as  well  as  that  of  the  electrometer  and  that 
of  the  condenser,  are  direct  deflection  methods,  which  c 
ferior  to  the  methods  in  which  one  cell  is  balanced  againct  j 
another.     Of  the  latter  kind  are  the  compensation  methods  ot  " 
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Bosscha  and  Poggendorff,  possessing,  as  they  do,  all  the  advan- 
tages associated  with  zero  method& 

6.  Bo88cha*8  Gompensation  Method,^ — ^The  connections  shown 

A. 


1 


^lUL"^! 


! 


^r^ry 


.J3!« 


^:Ky 


Fig.  21.— Bossoha's  Method. 

in  Fig.  21  being  made,  the  resistances  R^  and  R^  ^^  adjusted 
until  the  galvanometer  is  undeflected,  then 


(1) 


In  this  equation  (which  may  be  proved  by  applying  Elirchhoff's 
laws)  r^  and  rg  are  the  internal  resistances  of  the  cells  of  electro- 
motive force,  Ej  and  Eg,  under  comparison.  By  finding  a  fresh 
pair  of  values,  R'j  and  R'g,  which  will  also  give  equilibrium,  we 
shall  have,  as  before, 

E]      R  2  +  7*2 

From  (1)  and  (2)  we  obtain 

Ej    Rj ""  R 1 
Ej    Rji "* R) 


(2) 


(3) 


^  Often  called  in  England  Lnmsden's  Method. 


484  APPENDIX.  [d. 

an  equation  in  which  the  resistances  of  the  batteries  do  not 
appear.  This  forms  a  very  convenient  and  accurate  method  of 
comparison.  In  making  the  test  the  galvanometer  should  be 
one  of  great  sensibility,  and  the  adjustable  resistances  should  be 
high. 

Example, — 

R  1=3231,  Ea=776. 

E'i=6600,  R'a=1600. 

El  _  3231 -775  _2466 

Ea""  6600 -1600     5000""  **^^^' 

7.  Poggendorff^s  Compensation  Method, — The  different  modifi- 
cations of  this  method  are  based  on  the  principles  explained  in 
Lesson  XXXVIII.,  from  which  it  will  be  seen  from  equations  (3) 
and  (4)  that  instead  of  eliminating  E  and  e  we  may  eliminate  a;, 

with  the  result, 

E    a  — a 

'e^j:^' 

This  equation  thus  furnishes  a  method  of  comparing  E  and  e. 
By  replacing  e  by  a  second  cell  e',  and  obtaining  a  new  balance, 
we  can  compare  e  with  e'  under  the  same  conditions,  namely, 
when  both  are  compensated.     Here 

E    x+a 

*^^  E    x+a 

hence 

e     h 

or  the  electromotive  forces  are  simply  as  the  resistances  included 
between  P  and  Q  in  the  two  cases,  PS  being  kept  constant  If 
PS  be  a  uniform  wire  provided  with  a  linear  scale,  it  would 
only  be  necessary  to  read  off  the  position  of  Q  in  the  two  cases. 
This  last  method  is  often  adopted ;  but  the  best  arrangement  is  that 
adopted  by  Lord  Rayleigh,  and  used  by  him  in  comparing  the 
Clark  cells.  The  C9mpensating  battery  L  (Fig.  22)  consists  of 
two  Ledanch^  elementa      It  is  connected  in  series  with  two 
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resistance  boxes,  R  and  R',  joined  by  a  short  thick  wire.  The 
derived  circuit  consists  of  the  cell  T  under  test,  a  high  resist- 
ance galvanometer,  a  coil  of  high  resistance  S  (to  prevent  acci- 
dental strong  currents  passing  through  the  cell),  and  a  key  Kg. 
R  and  R'  are  adjusted  until  a  balance  is  obtained,  hut  the  resist- 


i 


■T& 


R 


y 


ZL 


4  «'    \^ 


X 


^^ 


Ks 


Fig.  22.— Batleigh's  Compensation  Method. 

ance  between  A  and  B  is  always  kept=  10,000  ohms.  The  cell  T 
is  then  replaced  by  a  second  cell  T',  and  a  new  balance  is 
obtained.  If  we  call  the  resistances  between  A  and  C  in  two 
cases  r  and  r',  then 

Example, — S  was  about  200,000 ;  it  consisted  of  a  pencil 
of  prepared  carbon.  T  consisted  of  one  Daniell's  cell,  and  T'  of 
two  cells  of  the  same  kind. 

r=3660,  r'=7210. 

T     3660 


T'    7210 


=  -5076. 
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With  the  reflecting  galvanometer  nsed.it  was  possible  to  adjust 
r  easily  to  within  2  ohms,  hence  this  result  may  be  considered 
accurate  to  within  =  '0002. 


E. 

METHOD    OF    DETERMINING    THE    TEMPERATURE 
AND  INDUCTION  COEFFICIENTS  OF  A  MAGNET. 

1.  In  determining  the  temperature  coefficient  of  a  magnet  it  is 
firmly  fixed  in  a  water-tight  wooden  box  provided  with  a  thermometer 
— being  placed  therein  upon  a  frame  in  such  a  manner  that  its  axis 
shall  lie  in  the  same  horizontal  plane  with  the  needle  of  a  imifilar 
magnetometer  a  short  distance  on.  It  is  adjusted  so  that  the  axis 
of  the  two  magnets  shall  be  at  right  angles  to  one  another — ^the  axis 
of  the  magnet  in  the  box  passing  through  the  centre  of  the  suspended 
magnet. 

Water  at  85°  F.  is  then  poured  into  the  box,  and  when  the  magnet 
has  become  heated  to  this  temperature  the  unifilar  magnet  is  brought 
to  rest  and  its  position  accurately  noted.  A  similar  observation 
is  made  at  60°  F.  and  35°  F.  After  this  another  series  of  similar 
observations  is  made,  beginning  at  85°  F.,  and  this  is  again  repeated 
once  or  twice.  Let  us  assume  that  the  readings  obtained  are  first  of 
all  corrected  for  changes  of  the  earth's  magnetic  force  during  the  pro- 
gress of  the  experiment,  ascertained  by  means  of  simultaneous  read- 
ings of  the  curves  of  self-recording  instruments,  or  by  some  other 
method.  When  this  has  been  done  the  following  demonstration  will 
show  how  the  temperature  coefficient  is  determined  from  the  corrected 
observations. 

Let  <o  denote  a  standard  temperature,  and  let  t  denote  the  tempera- 
ture of  observation,  then  we  may  with  much  probability  assume  the 
following  expression  for  the  magnetic  moment . — 

Magnetic  moment  at  ^ = m  {1  -  ^(^  -  ^q)  -  q\t  -  Iq)^}         .     ( 1 ) 
where  q  and  q'  are  coefficients  which  we  wish  to  determine. 

Now  let  m=  -n~  sin  u  be  the  normal  equation  of  equilibrium  of  the 
unifilar  magnet  at  temperature  ^q,  then  at  t  this  equation  will  become 

m{l-q{t-to)-gt{t'-to?}=-^sm(u-du)     .         .     (2) 


Ill  this  equation  Bubstitnte  fbe  above  valae  of  m,  and  wc  buvc 

flmi(-g(i-(()ainM-g'(t-i,)>8inu=Bin  (w-du). 
Now  let  <2  sin  v,=x  and  g*  Bin  ur^y,  and  ve  have 

«("-i.)+s('-'.l"-<i»"-"l»(«-<i")       ■      ■ 

from  which  a  and  y  may  be  found,  and  q  and  <;'  easily  determined. 

There  ia  one  remark  regarding  thia  method  which  it  ia  desirable  t 
make.  It  seems  possible  that,  at  least  in  most  casea,  ivben  a  magne 
ie  raised  from  a  lower  to  a  higher  temperature  and  then  lowered  again 
to  its  first  tsmperatute,  there  ia  a  loss  of  permanent  magnetism  OBUsod 
b;  the  proce^B.  Suppose  now  that  the  magnet  was  vibrated  at  tempera- 
ture t,  and  then  immediately  used  as  a,  deBector  at  the  same  tempetatnre, 
.  wc  may  auppose  that  m  in  the  one  case  is  identical  with  in  in  the 
other.  But  if  between  the  two  observations  the  temperature  be  first 
raised  to  l'>l  and  then  lowervd  to  f ,  it  ia  possitils  that  the  moment  in 
the  ona  case  will  not  he  t!ie  same  as  that  in  the  other. 

But  this  difference  would  not  be  indicated  by  the  usual  formula  for 
temperature  corrections. 


B  distance  from  a  suspended  needle,  the  difference 
m  uie  amDiult  of  deSeetion  of  the  latter  in  the  two  positions  determin- 
ing the  effect  of  the  earth's  inductive  action  upon  the  magnet.  The 
following  formula,  differing  slightly  from  Lamont's,  is  due  to  the  late 
John  Welsh  :— 

lu  the  first  place  it  is  assumed  lliat  the  indactioa  produced  by  the 
earth's  action  ia  distributed  in  the  same  manner  throughout  the 
magnet  as  its  permanent  magnetiam. 

Now  let  n_=tho  increase  of  the  magnetic  moment  m,  caused  by  the 
action  of  an  tndacing  force  —  unity,  also  let  H,  Y  denote  the  horizontal 
and  vertical  componenia  of  the  earth's  force,  and  let  i  denote  the  in- 
clination. Further,  let  ^,  <p'  denote  the  anglra  of  deflection  north  end 
downwards  and  north  end  upwards.  Finally  let  u  wangle  of  defiection 
produced  when  the  magnet  la  used  as  an  oniinary  deflector  at  distonca 

unity.  Then,  first  of  all,  wo  have  -2"  =  H-  Neit,  since  the  line 
joining  the  centres  of  the  two  magnets  ia  in  every  part  of  the  observa- 
tion approximately  at  right  angles  to  thu  suapeudod  needle,  it  will 
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follow  that  the  attraction  of  the  deflecting  bar  will  be  proportional  to 
its  magnetism. 

Hence,  if  c  be  a  constant,  we  may  state  the  equation  of  equilibrium 
north  pole  downwards  thus — 

c(m+V/[A)=Hsin^       .        .        .        •     (5) 

and  with  north  pole  upwards  thus — 

c(m~V/A)=Hsin^'      ....     (6) 

;     By  subtraction  and  addition  of  (5)  and  (6)  we  derive 

2cYfi = H  {sin  ^  -  sin  4>'}  and  2cwi= H  {sin  ^  +  sin  ^'} 

Hence,  dividing  the  first  of  these  equations  by  the  second, 

Yfi_8m4>- sin  </>' _ta.n  ^(0 -  4>') 
m  ~  sin  0+ sin  0'""  tan  J(0+0') ' 

and  since  Y =H  tan  i  we  have 

m        tan  ^(0  -  0') 


fi= 


Htani    tanJ(^+0')* 


But  smce  tt  =  ~~a~)  we  have  finally. 


sint^     tan  ^(^-00  ,y. 

^    2tani    tani(0  +  0')  *         '         '         *     ^  ' 


Whipple  finds  that  on  an  average  /£= 0*000207. 


F. 

ADDITIONAL  PRACTICAL  DETAILS. 

1.  Manipulation  of  Gold  Leaf, — To  provide  the  electroscope 
with  gold  leaves  is  a  comparatively  easy  process  when  we  are 
provided  with  the  following  materials  as  used  by  the  gilder  : — 
(1.)  A  cushion^  this  consists  of  a  board  8  inches  by  5  inches, 
which  is  first  covered  with  baize  and  then  with  buff  leather 
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tightly  stretched.  At  one  end  is  a  raised  edge  of  parchment  to 
protect  the  .cushion  from  accidental  winds.  (2.)  A  gilder's  knife, 
which  is  a  kind  of  palette  knife  with  a  long  flexible  blade,  hav- 
ing an  edge  not  sufficiently  sharp  to  cut  the  leather  of  the 
cushion.  (3.)  A  tip  or  large  flat  brush  of  squirrel's  hair  for 
taking  up  and  placing  the  gold  leaf.  (4.)  A  powder  of  burnt 
talcy  which  is  dusted  upon  the  cushion  to  prevent  the  gold  leaf 
from  sticking  to  it. 

The  leaf  is  transferred  by  means  of  the  knife  to  the  cushion, 
and  then  cut  by  pressure  of  the  knife.  The  cut  leaf  may  then 
be  lifted  by  the  tip,  very  slightly  greased. 

2.  Switch  for  Battery, — Fig.  23  shows  the  general  arrange- 
ment of  a  switch  for  one  or  two  cells.     A  metal  bar  SSj,  pro- 


Pig.  28.— Battery  Switch. 


vided  with  a  handle  at  Sj  and  pivoted  at  S,  may  be  placed  in 
contact  with  any  one  of  three  metal  segments,  0,  1,  and  2,  that 
are  fixed  to  a  wooden  or  ebonite  block.  When  the  switch  is  at 
0  both  cells  are  out  of  the  circuit  that  connects  A  and  B,  but 
according  as  the  switch  is  at  1  or  2  one  or  two  cells  are  in  circuit 
Instead  of  a  pivoted  switch  a  plug  switch  is  often  used. 

3,  SWc  for  Suspension  of  Qalvanometer  Needles, — The  best  silk 


is  obtained  from  the  middle  of  a  good  cocoon.     The 
shoold  be  steeped  in  tepid  water,  and  the  silk  wound  off  it  aa\ 
to  B,  simple  reelinj;  machine.      Fi);.  34  shows  such  a  machine, 
which  the  reel  R  is  made  of  a  number  of  glass  rods  tliat  c( 


the  two  wooden  unda  of  the  reel  Wien  the  ailk  has  been-l 
wound,  the  handle  h  should  be  removed,  and  the  whole  covered  J 
by  a  glass  shade  to  protect  the  silk  from  dust  See  bIgo  Yol.  1. 1 
Appendix  C. 


4,   Clamp  and  Binding  Screws. — The  varioi 
re  figured  (Fig  25). 

1  ia  of  the  ordinary  French  pattern. 

la  is  a  special  pattern  of  the  same,  with 
screw  at  the  end  of  its  shank. 

2  ia  an  ordinary  telegraphic  binding  screw. 
Sa  is  the  same  with  a  lock  nut. 


i  patterns  of  thew  J 


2b  is  the  » 


with  a  double-flt 


*foru 


i   for    connecting   tvo  1 


36  ia  the  telegraphic  pattern  tliat  m  also  useful  for  connecting 

plates. 
4  is  a  battery  clamp. 


5.  Turned    Wood  Btels. — Tliese  may  be   obtained  matle  of 
boxwood,   the  wall  of  the  reel   being   so   thin  aa   to  he  se 
tranaparent.     They  are  very  useful  for  making  electvo-magneta, 


Q.  Manvfacture  of  a  Paraffin  Faptr  C<mdetuer, — In  making  ths 
condenser  the  process  is  much  facilitated  by  having  two  operators. 
They  should  be  prorided  with  good  thin  paper  of  foolscap  size, 
thin  tinfoil  in  sheets  48  cm.  by  32  cm,  and  a  shallow  bath  of 
clean  paraffin.  (1.)  Each  sheet  of  tinfoil  should  be  thrice  folded. 
At  least  twenty  of  these  eight-paged  sheets  should  be  piled  on 
the  top  of  each  other  and  well  pressed  together.  They  should 
then  be  token  to  a  bookbinder,  who  should  be  directed  to  cut 
sway  the  edges  and  one  comer,  aa  shown  at  fc  3  of  Fig.  26. 
In  this  way  160  separate  sheets  will  be  prepared,  (2.)  Divide 
each  sheet  of  foolscap  into  four  equal  parts,  and  examine  each 
one  for  pin-holes  by  holding  it  between  the  eye  and  a  gas  jet  in 


4S2 


APPENDIX, 


a  dark  room.  Moke  a  pile  of  170  peril 
he  out  by  a  bookbinder  into  the  form  n 
Melt  the  paraffin  by  two  Bunsen  buroei 
melted  wu 


;  ehetita,  and  let  thei 
cie/CFig.  26).  (3._ 
and  take  care  that  thO' 
does  not  boil  or  bum. 
Well  warm  the  sheets  at  the  fire. 
(4.)  Fasten  a  atring  acri 
room,  on  which  are  placed  a  num- 
ber of  wooden  clips.  Whilat  one 
operator  is  keeping  the  wax  at  the 
right  temperature,  the  other  should 
take  a  sheet  of  paper  and  dip  it  in 
the  wax  for  a  short  time,  taldng 
care  not  to  allow  it  to  be  ainged. 
Oil  removing  it  out  of  the  bath, 
if  the  waic  is  hot  enough,  the 
bubbles  will  run  oft  If  not,  tha] 
paper  must  be  again 
and  the  process  repeated.  Sus-' 
pend  the  paper  by  one  comer 
by/'a  wooden  clip  until  the  wax 
sets  liard.  Proceed  in  this  miLuuer  until  all  the  aheeta  are 
waxe(L  (5.)  Commence  to  build  up  the  condenser.  Place 
a  piece  of  waied  paper,  abed  e/(Fig.  26),  at  the  bottom,  on 
this  place  a  sheet  of  tinfoil  g  h  k  l<m,  with  the  comer  m  project- 
ing. On  this  place  another  sheet  of  paper,  upon  which  a  second' 
sheet  of  foil  nmat  be  made  to  lie  with  the  left-hand  comer  in- 
stead of  the  right-hand  one  projecting.  The  piling  up  of  the 
paper  and  tinfoib  is  continued,  with  the  corners  of  the  k.tteT 
projecting  first  to  the  right  and  then  to  the  left,  until  all  the 
tinfoils  are  exhausted.  At  the  top  of  the  pile  put  several  eheeta 
of  paraffin  paper.  Bind  the  whole  together  hj  elastic  bands,, 
and  fold  the  whole  in  paraffin  paper.  The  condenser  should- 
now  be  well  pressed  at  a  bookbinder's.  (6.)  A  shallow  wooden 
hos,  into  which  the  condenser  will  just  fit,  will  now  be  req^uired. 
It  should  haye  a  lid  fitted  with  screws  and  a  strip  of  ebonite  let 
into  one  of  its  narrower  ends.  The  insulation  of  tlie  box  is  im- 
proved by  coating  it  internally  with  paraffin.  The  exposed  enda 
of  the  tinfoil  are  to  be  well  pressed  together  and  put  " 
tion  with  two  binding  screws,  whose  shanks  pass  through  ths 
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strip  of  ebonite  into  the  box.  To  ensure  a  good  connection  frag- 
ments of  tinfoil  must  be  packed  between  the  shanks  and  the 
tinfoiL  Finally,  the  condenser  may  be  fixed  in  position  in  the 
box  by  pouring  melted  paraffin  in  at  the  edges  ;  paraffin  paper 
should  be  put  at  the  top  to  fill  the  box  and  the  lid  screwed  on. 
(7.)  It  wiU  now  be  well  to  test  for  leakage  by  the  method  of 
p.  192.  The  insulation  resistance  at  first  should  be  found  to 
be  high,  but  owing  to  some  reason  not  altogether  explained  it 
gradually  falls  so  as  to  make  a  paraffin  paper  condenser  very 
inferior  to  one  of  mica.^ 

7,  Construction  of  Tangent  Galvanometer, — For  the  information 
of  any  one  who  wishes  to  construct  a  tangent  galvanometer  of  the 
type  described  in  Lesson  XXXIX.,  the  working  drawings  of  the 


^ 


*• 


fe^ 


IT 


i 


Fig.  27. 


Fig.  28. 


reel  and  compass  box  are  given.     Fig.  27  shows  the  reel  and 
Fig.  28  the  compass  box  in  plan  and  section.     The  small  recess 

^  Condensers,  with  insulating  qualities  equal  to  mica  but  far  cheaper, 
are  now  made  by  the  SocUt^  d^ExploUcUim  des  Cables  Meetriques 
Syst^me  Berthoud,  Borel  &  Co.,  Cortaillod,  Switzerland. 
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shown  in  the  latter  u  for  the  reception  of  the  glaas  that  c 
Ihe  Tjol.  It  will  be  found  of  great  conveniencE  In  make  tbq 
base  of  two  separate  pieces,  one  above  the  other,  the  upper  onri 
being  pivot«d  so  as  to  enable  the  instrument  to  he  torned  ii 
azimuth. 

8.  SoMtring. — Perhaps  no  operation  in  the  electrical  labtxt 
atory  is  so  important  or  requires  to  be  performed  so  oft«n  t 
Holdering ;  hence  a  few  details  relating  to  it  will  be  useful.     The  1 
materials  req^uieite  are  a  email  soldering  iron,  aoit  solder,  and  a  ' 
meana  of  heating  the  iron.     We  find  the  Boldering-iron  heater 
of  Fletcher  very  useful  for  the  purpose.  There  will  further  he 
aecessary  either  powdered  resin  or  chloride  of  zinc  for  enabling 
the  solder  to  make  good  contact     The  former  material  is  much 
to  be  preferred  for  electrical  apparatus,  hut  it  is  more  difBcult 
to  solder  by  its  means  than  by  the  chloride  of  zinc     When  the  1 
latter  is  used  the  soldered  place  should  afterwards  be  washed^  J 
otherwise  galvanic  corrosion  will  lake  place  at  the  joint 

9.  Substitutes  for    Wire    SedstaMt.  —  Eesistonce    coib 
German  silver  being  very  expensive,  it  is  desirable  that  1 
student  should  know  of  several  simple  suhstitutes,      (1.)  HiMotf^ 
Sohttian. — This  haa  already  been  mentioned  (p,  192). 
solution  of  amy  lie  alcohol,  containing  10  per  cent  of  cadmiui 
iodide.      The   electrodes  are  of  cadmium   obtained  by  meltiof 
the  metal  in  a  glass  tube  and  inserting  a  platinum  wi 
molten  metal,  which  is  allowed  to  set,  and  then  the  glasa  la 
broken  away.     The  tube  containing  the  solution  should  be  kept 
vertical,  and  it  is  advisable  that  the  lower  electrode  should  be 
connected  with  the  negative  pole,  since  the  solution  is  apt  to  con- 
centrate there,  and  otherwise  liquid  currente  would  be  formed. 
The    prepared    tube    should    show    no    polarisation    current. 
(2.)    Carbon   Bedstanceg.  —  The    specific    resistance    of    carbon 
varies  very   greatly  according,   to  its   method  of   preparation.  ._ 
That  of  the  open-grained  charcoal  sticks  used  by  artistB  is  very  I 
high,  whUst  that  of  the  dense  «arbon  employed  in  electric  light..  J 
ing  is  comparatively  low.     Thus  by  selecting  specimenB  of  o 
bon  of  varying  denseaess  a  series  of  useful  resistances  may  b 
mode.     The  carbon  is  best  mounted  by  copper-plating  its  e:  ~ 
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whicli  are  theii  soldered  to  wires  in  connection  with  binding 
screws.  Kesistances  may  also  be  made  by  rubbing  pencil  lines 
on  ground  glass,  or  using  graphite  paper  (i.e.  paper  in  which 
graphite  has  been  incorporated  with  the  pulp).  Finally,  ordin- 
ary lead  pencils  and  incandescent  lamps  containing  prepared 
carbon  filaments  are  useful. 
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ADDITIONAL  TABLES. 

Table  P. 

Resistance  of  Hard-Deawn  Pueb  Copper  Wires,  Aooordino 
TO  THE  New  Standard  Wire  Gauge. 

Temperature  15°  Cent. 


Descnp- 

tive  No. 

S.W.Q. 

Diameter. 

Resistance. 

Weight. 
(Den8ity=8*95) 

Nearest 
B.W.G. 

Ins. 

Cms. 

Ohms 

per 

Yard. 

Ohms 
per 

Mitre. 

Lhs. 

per 

Yard. 

Grms. 
Metre. 

7/0 

6/0 

6/0 

4/0 

3/0 

2/0 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

•500 
•464 
•432 
•400 
•372 
•348 
•324 
-300 
-276 
-252 
•232 
•212 
•192 
•176 
•160 
•144 
•128 

1-270 
1^179 
1^097 
1^016 
•945 
•884 
•823 
•762 
•701 
•640 
•589 
•638 
•488 
•447 
•406 
•366 
•325 

•000126 

•000146 

•000168 

•000196 

•000227 

•000259 

•000299 

•000349 

•000412 

•000494 

•000583 

•000698 

•000861 

•00101 

•00123 

•00151 

•00192 

•000137 

•000169 

•000184 

•000215 

•000248 

•000283 

•000327 

•000381 

•000451 

•000541 

•000638 

•000764 

•000931 

-00111 

-00134 

-00166 

-00210 

2-285 

1-970 

1-706 

1-463 

1-265 

1-107 

•960 

•823 

•696 

•681 

•492 

•411 

•337 

•283 

•234 

•190 

•160 

1134^0 
976^3 
846^3 
725^6 
627^6 
549^6 
476^1 
408-1 
345-4 
288-0 
244-1 
203-8 
166-8 
140-5 
116-1 
94-0 
74-3 

0 

9 
11 
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Tablb  P  {continued). 

Resistance  of  Habd-Drawk  Pueb  Coppeb  Wibes,  Acoobding 
TO  THE  New  Standabd  Wibb  Gauge. 

Temperature  15*  Cent. 


Diameter. 

Resistance. 

Weight. 
(Densi^=8^95) 

earest 
.W.Q. 

Q-^CQ 

!25n 

Ohms 

Ohms 

Lbs. 

Grms. 

Ins. 

Cms. 

• 

per 
Yard. 

per 
M6tre. 

per 
Yard. 

per 
Mfetre. 

11 

•116 

•295 

•00233 

•00255 

•123 

61-0 

12 

•104 

•264 

•00290 

•00317 

•0989 

49-0 

13 

•092 

•234 

•00371 

•00406 

•0774 

38-4 

14i 

14 

•080 

•203 

•00490 

•00536 

•0585 

29  0 

15 

•072 

•183 

•00606 

•00662 

•0474 

23-5 

16 

•064 

•163 

•00760 

•00838 

•0374 

18-6 

16 

17 

•066 

•142 

•0100 

•0109 

•0287 

14^2 

18 

•048 

•122 

•0136 

•0149 

•0211 

10^4 

19 

•040 

•102 

•0196 

•0215 

•0146 

7^26 

20 

•036 

•0914 

•0242 

•0265 

•0118 

5-88 

20 

21 

•032 

•0813 

•0307 

•0335 

•00936 

4^64 

21 

22 

•028 

•0711 

•0400 

•0438 

•00717 

3-56 

23 

•024 

•0610 

•0545 

•0596 

•00526 

2^61 

24 

•022 

•0559 

•0649 

•0709 

•00443 

2-19 

24 

25 

•020 

•0508 

•0786 

•0858 

•00366 

1^80 

26 

26 

•018 

•0457 

•0969 

•106 

•00296 

1-47 

27 

27 

•0164 

•0417 

•117 

•128 

•00246 

122 

28 

•0148 

•0376 

•143 

•157 

•00200 

•893 

29 

•0136 

•0345 

•170 

•185 

•00169 

•839 

30 

•0124 

•0315 

•204 

•223 

•00141 

•697 

31 

31 

•0116 

•0295 

•233 

•255 

•00123 

•610 

32 

•0108 

•0274 

•269 

•294 

•00107 

•529 

33 

•0100 

•0254 

•314 

•343 

•000914 

•453 

32 

34 

•0092 

•0234 

•371 

•406 

•000774 

•384 

35 

•0084 

•0213 

•445 

•486 

•000645 

•320 

36 

•0076 

•0193 

•544 

•594 

•000548 

•262 

36i 

37 

•0068 

•0173 

•679 

•742 

•000423 

•210 

38 

•0060 

•0152 

•872 

•954 

•000329 

•163 

39 

•0052 

•0132 

1-16 

1^27 

•000247 

•123 

40 

•0048 

•0122 

1^33 

1-49 

•000211 

•104 

1 
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Table  Q, 
Vapour  Tension  of  Sulphuric  Acid  and  Water. 


Temp.  "C. 

For  Acid  of  25  per 
cent  (Regnault). 

For  Acid  of  10  per  cent 
(Bertin ;  approximate). 

13 
14 
15 
16 

17 

m.m. 

9-37 

9-99 

10-64 

11-33 

12-05 

mm. 
10-09 
10-78 
11-50 
12-27 
13-08 

END    OF   VOL.  IL 
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